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FOREWORD

This report was prepared by the Research and Development
Department of Electric Boat Division of the General Dynamics
Corporation under USAF Contract No. AF 33(616)-6519. The contract
was initiated under Project No. 7381 "Materials Application",

Task No. 73810, "Exploratory Design and Prototype Development".

The work was administered under the direction of the Directorate

of Materials and Processes, Deputy for Aeronautical Systems Divislon,
with Lt. Colonel E. M. Kennedy and Mr. P. Hendricks acting as project
englneers.,

This report covers work conducted from April 3, 1959 to
March 31, 1961,



ABSTRACT

The weldability of six hot-work tool steels was investigated to develop
optimm welding procedures., Welds vere made in sheet and plate with the
inert-gas tungsten-arc and inert-gas consumable electrode processes under
various welding conditions.

Variations in preheat, postheat, and energy input were found to have
statistically significant, but practically unimportant, effects on mechanical
properties after hardening and tempering.

Most mechanical-test failures were initiated in the welds whether or not
defects vere present. The weld metal retained its heterogeneous microstruo-

ture after hardening and tempering even wvhen previously subject to annealing-
type heat treataents.

Lehigh-restraint-test studies indicated that hot and cold oracking can
ocour. Low-temperature cracking can be prevented by increesing the prehsat
temperature,

Large-radius Cherpy-impact specimens were found to be more satisfectory
than the V-notched specimens for these steels.

The high-tempersture weld tensile strength at 1000°F was 190,000 psi
for an B=11 steel; it was reduced to 156,000 after holding at 1000°F for 24
houwrs.

Small-scale pressure vessels were tested both dyramically and statically.

Sheet-bulge tests were tested dynsmically. One out of feur vessels, and three
out of five bulge specimens failed at relatively high strengths.

PUBLICATION REVIEW
This report has been revieved and is approved.
FOR THE COMANDER s

9 2T

1, PERLMUTTER

Chief, Physical Netallurgy Branch
Motals and Ceremics Laboratory
Directorate of Materials and Processes
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INTRODUCTION

Hot-work tool steels are among the most promising materials
for use in aircraft and missiles. High tensile strengths in the
range of 250,000 to 300,000 psi give these materials a favorable
strength-to-weight ratio. These steels also possess good high
temperature properties when tempered in the range of 1000 F.
Warpage is reduced since these steels are air hardening. In
addition the material can be obtained readily in a wide variety
of forms.,

The hot-work tool steels are being considered for structural
members where weight reduction and strength are both necessary,
and for rocket-motor cases where strength at elevated temperatures
may be required.

The tool steels have not been sericusly considered for
exterior skin of alrcraft because they lack adequate corrosion
resistance. The corrosion resistance problem ls recelving
attentlion, however, and for temperatures above 375 F an aluminized
silicone enamel ls employed. Speclal non-embrittling plating and
vapor deposition methods are also employed.

Welded structural members must withstand rapidly applied
loads at temperatures as low as -05 F, while rocket cases must
withstand explosive loading (particularly when solid fuels are
used) under biaxial loading conditions. The weld metal may contain
defects which are the equivalent of a notch. These conditions are
conduclve to producing brittle fractures. One of the problems is
to learn how to weld these materials and maintain strength,
ductility, and resistance to brittle fracture ol the welded
assemblies.

The main objective of this program ..as to determine the
ef'fects of welding parameters of preheat, posthneat, and energy
input on the mechanical properties of sheet and plate weldments
after hardening and tempering for six different hot-work tool
steels, It was also necessary to develop procedures for welding
these steels. Both inert-gas tungsten electrode (TIG) and inert-
gas consumable electrode (MIG) welding processes were used in this
investigation. These alr-melted steels were welded in the
annealed condition with filler wire from the same heat of steel,
After welding they were hardened and tempered and evaluated by
tensile, bend, and impact tests. Restraint tests, chemical
analyses, and metallographic examinations were also performed on
the weldments. The type of cracking and the effects of preheat
on the restraint cracking behavlior of the six steels were determined.
High temperature properties of weldments were determined at 400,
600, and 1000 F, Micro-examination of weldment microstructures
in the as-~welded condition was conducted to determine the effects
of welding conditions on microstructure before hardening and
tempering.

Manuscript released lay 19¢1 for publication as an ASD Technical
Report.



The 1nfluence of welding parameters on mechanical properties
of welded Joints was studied in detail for an H-1ll type steel.
This information was then used to select the welding parameters
for the other tool steels studied in the program.

LITERATURE SURVEY

General Status of the Fleld

The aircraft and missile industries are searching for
materials which have good hot-strength and high strength-to-weight
ratios. Aluminum has a good strength-to-weilght ratio but lacks
adequate high temperature properties., The low alloy steels, such
as AISI 4340 and AISI 4130, have been used to a great extent.
Increased strength of these steels is achleved by lowering the
tempering temperature, thereby limiting their high temperature
range. Titanium exhibits a superior strength-to-welght ratio but
fabrication is still considered a problem. The high temperature
limit of titanium alloys 1s below that of the hot-work tool
steels, Other materials under consideration for aircraft and
missile applications are the refractory metals, modified 12 per-
cent chromium steels, and austenitic stairless steels.

Some of the most promising materials for current use in air-
craft are the chromium-alloy hot-work-tool steels. A high
strength-to-weight ratio is combined with good hot strength, ease
of fabrication, and favorable cost and availability,.

In an effort to reduce the weight of airborne itructures,
safety factors have been reduced to the order of 1.1, Therefore,
the mechanical properties of the weld metal, heat-affected zone,
and base metal, must be as uniform as possible. It is not
difficult to achieve strength in a weld equal to that of the
base material, but 1t is difficult to obtain uniform ductility in
a weldment even when a heat treatment follows the welding operation.

Welding

The weldability of hot-work tool steels 1s considered good
if proper techniques are used. These steels are generally pre-
heated, welded in the annealed condition, and stress-relieved (or
postheated).

The inert-gas tungsten-arc welding process (TIG) 1s most
often used for welding thin plate and sheet materlals. The inert-
ga3 consumable-electrode process (MIG) is used for welding thicker
sections. The submerged-arc and metal-arc coated-electrode

1 Reference 1



processes have been used also for welding thicker plates. In the
submerged-arc process the flux contains some of the alloying
elements, and it has been discovered that thelr effect is dependent
upon the welding voltage. Several commercial coated electrodes
have been used to weld some of the hot-work tool steels.

It is generally recommended that the weld filler-wire be of
the same composition as the base material in order to produce
uniform mechanical properties. Good results have been reported,
however, with wire contalning slightly less carbon than the base
material,?

Although it is belleved that the hot-work tool steels are
susceptible to hydrogen embrittlement, it is likely that the heat
treatments following welding drive off all hydrogen in the material.

Many variables of the welding procedure directly influence
the microstructure and properties of weldments that are not heat-
treated after welding. Since weldments of hot-work tool steels
are heat-treated, effects of weld variables may not be so pronounced.
Nevertheless, the microstructure prior to heat-treatment may
influence the final heat-treated microstructure and resultant
mechanical propertles,

Preheat

Rapid cooling during weld metal solldification ralses the
fracture-transition temperature of both the weld metal and base
plate in the as-welded conditions3. Therefore, a preheat is
beneficial because it reduces the cooling rate. Of course, preheat
does not have the effect of reducing residual stresses as does
postheating.

Postheat

For steels which are to be heat-treated after welding, a
postheat (usually above 1000 F) serves as a stress relief operation
to prevent fracturing from rough handling prior to heat-treating.
The postheat temperature is important slince i1t will affect the
final heat-treat microstructure.

Energy Input

It has been reported that variations in voltage, amperage,
and travel speed can be considered as one varlable, the energy
input, Higher energy input was reported to result in weaker but

1l Reference 2
2 Reference 3
3 Reference 4



more ductlile welds 1in the as-welded conditionl. Higher energy
input also reduces the weld cooling rate somewhat.

Heat -Treatment

As the hot-work tool steels are austenitized at higher
temperatures more carbides are dissolved in the austenite (which
results in greater hardness); however, the grain size is increased
and there 1s a tendency to retain more austenite upon quenching.
It is apparent that there is an optimum austenitizing temperature
which gives the required strength and hardness. These steels are
hardened by air cooling or an oil quench; air cooling is pre-
ferred since it results in less distortion.

The hot-work tool steels are susceptible to decarburization;
therefore, heating should be done in a slightly reducing atmos-
phere or a salt bath.

Tempering is done at temperatures around 1000 F where second-
ary hardening occurs. Two and sometimes three tempering cycles
are employed to eliminate the embrittling effects of martensite
transformed from retained austenite. These steels contain small
amounts of retained austenite in the as-quenched condition, most
of which are transformed to untempered martensite after the firsc
tempering operation. These small amounts of untempered martensite
are brittle and must be tempered by a second tempering operation.
For steels in which the transformation is quite sluggish a third
temper or a deep freeze operation may be advisable.

Evaluation Tests for Weldments

The chromium-alloy hot-work tool steels, as well as most
crystalline materials, may fracture in either a ductile or a
brittle manner. In evaluating the effects of welding procedure
on mechanical properties, it is necessary to determine if the
resistance to fracture of the weld reglon is equal to that of the
base metal with respect to both ductile and brittle behavior.

The extent to which the weld region and base metal can be compared
depends upon the selection of the proper weldment evaluation tests.

Unnotched specimens are used to determine ultimate strength,
yield strength, and ductility which predicts the resistance of
.1etals to ductile fracture. The.tendency of a metal to fracture
in a brittle manner 1s determined by notched specimens.

Mechanical Properties

Published transverse and longitudinal tensile properties of
H-11 steel sheet and plate were reviewed. The speclmens were
austenitized at 1850 F, air cooled, and double tempered at various

1l Reference 5



temperatures. As the tensile strength decreased, the ductility
increased. A compromise between good strength and ductllity was
achieved at tempering temparatures of 1000 to 1050 F. The strength
and ductility were lower for the sheet material., Ductility was
greatly reduced when the material was tested transverse to the
major rolling direction.

DESCRIPTION OF PROJECT

This section discusses the materials, equipment, and
procedures used in this program for weldlng, heat treating, and
testing.

Materials

Six different hot-work tool steels were investigated in this
program; their compositions are given in Table 1. Most of the
steels are of modified H-11, H-12, and H-13 compositions. All
further reference in this report to a steel as a specific type
(i.e., H-11, Type No. 3) should be understood to mean the modified
composition given in Table 1. The weld filler wires were of the
same composition and from the same heat as the corresponding base
metals.

A maximum limit of 0.012 percent phosphorous and sulfur was
requested to reduce the likelihood of weld cracking. Some of the
steel producers could not meet this requirement in an air-melted
steel, therefore the limints were increased to 0.015 percent.
Composition 1limits specified upon purchase of the steel and actual
compositions of weld wire and weld metal determined by spectro-
graphic and analytlical analyses are given in Table 1. It 1is
evident that the limits for phosphorous and sulfur, as well as
some other eleaents, were exceeded for some steels, Carbon content
of the weld wires was generally within the specified limits,
indlcating that decarburization did not occur during drawving.

The loss of carbon during the welding process was greater for plate
welded by the MIG process than for sheet welded by the TIG process.

Base metal was ordered in 0,090 t 0.009-inch thick sheet and
0.500 t 0.040-inch thick plate in a hot-rolled, annealed and
pilckled condition. Decarburization limits for sheet were a hard-~
ness variation of two points Rockwell "¢" or equivalent and a
maximum decarburization depth of 0.003 inch. For plate, the
decarburization limits were three points Roclkwell"c" and 0.02-
inch maximum depth.
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Heat Treatment

All steels were hardened at an austenitizing temperature of
1850 t 25 F, still-alr cooled to room temperature, and double
tempered at 1050 t 10 F for two plus two hours. All post-weld
heat treatments and hardening and tempering operations were con-
ducted in an argon atmosphere, except for the pressure vessel
specimens which were hardened and tempered in dissociated ammonia
(in a larger furnace). Decarburization of the pressure vessels
and bulge test specimens was not appreciable. The surfaces of
the other test specimens were finish ground, thereby eliminating
all traces of decarburization.

Welding
Welding Processes and Equipment

The automatic lnert-gas-shielded, tungsten-arc welding process
(TIG) was used to prepare the butt weldments for all the 0.090-
inch sheet material. A 300-amp d-c¢ (straight polarity) rectifier-
type arc-welding machine with an open-circult voltage of 80 volts
was used. The arc was started on a starting tab by the retract
method. A 3/32-1nch c.ameter, two percent thoriated-tungsten
electrode was used. The electrode was ground with a double taper
to permit greater current density and minimlze loss of tungsten
into the weld deposit.

The automatic inert-gas-shielded consumable-electrode (MIG)
welding process was used to prepare the 0.500-inch butt and Lehigh
restraint plate weldments. A 750-amp constant-voltage-type welding
machine with a maximum open-circuit voltage of 50 volts was used.

Joint Design

A single-bevel, 6n-degree, included-angle, V-joint, 0.04O-
inch t 0,010-inch land, and 0,060-inch root opening was used for the
0.090-1nch sheet. Starting and run-off tabs were welded to both
ends of the one-foot-long specimen prior to the welding operation.
The 0.060-inch root opening was used to permit the use of a rela-
tively low energy heat input, yet one that could be varlied for
parameter variation studiles,.

A double-bevel, 45-degree, included-angle, V-joint design was
used for the 0.500-inch plate material. An 0.045-inch root opening
and a 0,060-inch t 0,010-inch land were used. Starting and run-
off tabs were used for plate welds also,

All joints were machined parallel to the predominant rolling
direction of the sheet and plate, the only exception being the
pressure vessels, whose longitudinal weld was transverse to the
rolling direction.



llelding Fixtures

Sheet Weldments - The sheet welding was accomplished on a flat-
plate weldIng fixture. This fixture was then mounted on a variable
speed, motor-driven carriage which traversed the specimen under the
tungsten-arc torch. An automatic filler-wire feeder was used, as
shown in Figure 1.

A copper back-up bar, with an 1/8-inch radius groove and
0.040-inch diameter holes spaced at one-inch intervals along the
length, was used to direct the purging gas on the underside of the
weld Joint. This copper back-up bar was placed in a groove in the
flat-plate fixture with the surface flush with the top of the
fixture.

Electrical strip-heaters were used to malntain the desired
preheat and interpass temperatures. The required temperature was
maintained by a temperature-deviation on-off controller.

The sheet specimens were held ln place by heavy-duty qulick-
acting clamps.

The weldlng of the longitudinal seam of a pressure vessel
with the TIG equipment 1s shown in Figure 1.

Plate Weldments - The plate weldments were prepared on the welding
fIxture described above with the exception that the MIG welding
head traveled on a side-beam carriage and the fixture remained
stationary. A copper back-up bar was shaped to fit the underside
groove of the weld Jjoint and to eliminate copper pick-up in the
weld metal. This back-up bar was also placed in the groove of the
flat-plate fixture and was flush with the top of the fixture,
Electrical strip-heaters and an on-off controller were used to
maintain the desired preheat and interpass temperatures.

The Lehigh restraint tests were conducted in the same manner
with the exception that no copper back-up bar was used. The MIG
equipment is shown in Figure 2.

Cleaning Studies

Cleanliness is one of the most important factors in achieving
a sound quality weldment., Items which contributed to the soundness
of the weld deposit were the cleanliness of the weld filler wires,
base metals, and shielding gases, as well as methods of cleaning
between passes.

Filler Wire - The most successful method of obtaining quality-
grade welding filler wire was to purchase level-wound spooled weld
with a bright finish. The filler wire was packaged in a hermetically
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sealed contalner containing a desiccant. Copper flashing was not
permitted because foreign material could be entrapped underneath
the copper flash., Oxidation of the wire occurred in a few instances
when the vendor neglected the desiccant and/or improperly sealed
the packaging container. In these cases, the wire was recleaned in
the laboratory prilor to use,

Sheet and Plate Material - The as-received sheet and plate materials
were machined to the required joint geometry. Prior to welding,

the top and bottom surfaces of the specimens were hand-ground to
remove any mlll oxide for a minimum distance of one inch from the
beveled joint, and washed with 1-1-1 trichloroethane solvent to
remove any traces of oll or oxlide prior to the welding operation.

The possibility of oxlde formation during preheating above
550 F was reduced by allowing only a short time between setting up
the sheet specimens and the actual welding operation. However, in
the heav.er 0.500-inch thick specimens, the surface was protecéed
by inert-gas during the preheat operation since a longer time was
required to obtain temperatures above 550 F.

Multipass Welding - A cleaning operation was required between
passes In multipass welding. Unless a trailing shield was used in
addition to torch shielding, an oxide scale formgd which was
removed by a forceful hard or power brushing operation for the
0.090-inch sheet materlal., The oxide-scale on the 0.500-inch
thick plate was completely removed by hand-grinding between passes.

Shielding and Purging Gases

Both argon and helium, and a combination of the two gases,
vere ased in initial studies for shielding the arc during TIG
welding of the sheet material., Consistent penetration and arc-
stability were obtained with 100 percent argon gas in the
previously described joint geometry. The purging gas was 100
percent argon.

Pure helium was used with the TIG automatic process for
welding 0.500-inch plate. The helium gas did not produce any
apparent porosity upon radiographic examination, using a two per-
cent penetrameter sensitivity, and good arc stability was obtained.
Special tests were conducted with the helium gas to insure that the
gas was free of moisture., Helium was best suited for this applica-
tion since maximum penetration was desired.

The shielding gases used with the MIG process on the 0,500~
inch plate were: argon + 1% oxygen, 100% argon, and 100% helium,
The best cleanliness, arc stability, and penetration resulted from
the use of argon + 1% oxygen gas. Argon 4 2% oxygen gas was not
used because of the possible detrimental loss of alloyling elements.
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In all the welding processes used (manual TIG, automatic TIG,
and the automatic MIG) the rate of flow of the shielding and
purging gases had to be carefully controlled to minimize gas
turbulence and possible aspiration of air into the arc-column.

Inspection Methods

Welds were closely inspected as the welding progressed.
Visual inspection was used during the progress of welding. The
weldments were partially ground to remove the weld-bead reinforce-
ment before being radliographed. Radiographs of the 0.090-inch sheet
weldments were satisfactory with a two-percent penetrameter
sensitivity. However, the radiographs of the 0,500-inch weldments
were not satisfactory at this sensitivity, since fine porosity,
which was later found to reduce the mechanical properties (ductility)
of the materials, was not detected. To increase the radiographic
sensitivity the weld-bead reinforcement was removed from all sheet
and plate weldments and the penectrameter sensitivity increased to
one percent. Upon meeting the radlography requirements, the weld-
ments were machined for the mechanical-properties tests.

Welding Procedures

Automatic-TIG Sheet Weldments - The initial procedures for sheet
weldmernts were developed on H-1ll steel No. 3. The arc voltage,
welding current, wire-feed rate, and travel speed were varied to
give three conditions of energy input. These welding procedures
were used for the remaining five steels with slight modifications
in welding current, filler-wire feed rate, and travel speed.
Satisfactory weld-face bulld-up and penetration were obtained in
all test plates. No transverse cracks were experienced using the
copper back-up bar on the backside of the weld, since the penetra-
tion was controlled so that the weld metal did not touch the
back-up bar. The welding conditions are given in Table 2,

TABLE 2. TYPICAL CONDITIONS FOR AUTOMATIC TIG
WELDING OF 0.090-INCH SHEET WELI'MENTS

Low Energy Medium Energy High Energy
Input, Input, Input,
Condition 6550 joules/in 7900 joules/in 10,100 joules/in

Preheat and Inter- 40036003800 400;600;600 400;600; 800
pass Temp.,°F

Arc Voltage, V. 10.0 10.0 10.0

Arc Current, amp, 120 115 135

DCSP
Filler-W/ire Dia., 0.046 0.046 0.046

in.
Wire Feed Rate, ipm 21 21 32
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TABLE 2. TYPICAL' CONDITIONS FOR AUTOMATIC TIG
WELDING OF 0.090-INCH SHEET WELDMENTS

(cont'd.)
Low Energy Medlum Energy High Energy
Input, Input, Input,
Condition 6550 joules/in 7900 joules/in 10,100 joules/in
Work Travel Speed, 11 8-3/4 8
ipm
Shielding Gas Argon Argon Argon
Purging Gas Argon Argon Argon
Torch Shield Gas 10 10 10
Flow, cu ft/hr
Purging Gas Flow, 10 10 10
cu ft/hr
Tungsten Electrode, 3/32 3/32 3/32
Dia., in.
Number of Passes 2 2 1

Single- and double-pass sequences were used in developing the
welding procedures initially with H-11 steel No. 3. All the
weldments in the other five steels were prepared with the double-
pass sequence. Full penetratlion and satisfactory underbead contour
with a minimum energy input was obtained in the first pass.

Filler wire was used in both passes. For the second pass, suffi-
clent filler-metal was provided to obtain the desired weld-face
bead contour,

- t Weldments - Steel No. 2 was developed for only
the manual TIG welding procedure. The procedure consisted of two
passes on one side. The welding conditions are given in Table 3.
The lower energy input was used on the first pass to control the
amount of veld penetration. The higher energy input was used in
the second pass to provide sufficient heat to melt the filler wire
and obtain the weld-face contour.

TABLE 3. WELDING CONDITIONS FOR MANUAL TIG
WELDING OF SHEET (0.090-in.) WELDMENTS

Condition Pass No. 1 Pass No. 2
Preheat and Interpass Temp., °F 400 400
Arc Voltage, V. 10,0 12.0
Arc Current, amp, DCSP 102 115
Filler Viire Dia., in. 0.062 0.062
Travel Speed, ipm (approximate) 8 7-1/2
Shielding Gas Argon Argon
Purging Gas Argon Argon
Torch Shield Gas Flow, cu ft/hr 10 10
Purging Gas Flow, cu ft/hr 10 10
Tungsten Electrode Dia., in. 3/32 3/32
Cup Size 0. 6 No. 6
Energy Input, joules/in. 7,700 11,000
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Automatic-MIG Plate Weldments - The initial procedures for plate
weldments were developed also on steel No. 3. The procedures were
developed using single and double-passes per silde with appropriate
energy inputs. These welding procedures had to be modified for

each steel to obtain the best arc stability. After a high incidence
of porosity was found in welded plate of steel No. 3, a trailing
shield was used for the other steels to help reduce heavy oxidiza-
tion of each weld pass. The welding conditions are given in Table 4.

TABLE 4, TYPICAL WELDING CONDITIONS FOR AUTOMATIC
MIG 0.500-INCH PLATE WELDMENTS

Condition 40,600 joules/in 50,000 joiles/in

Preheat and Interpass 4003800 400; 800

Temp., OF
Arc Voltage, V. 29.0 29.0
Arc Current, amp, PCRP 350 330
Filler Wire Dia., in. 0.062 0.062
Wire Feed Rate, ft pm 17-1/2 15
Travel Speed, ipm 1 11.5
Shielding Gas Argon + 1% 0, Argon + 1% 0,
Tralling Gas Argon Argon
Torch Shield Gas Flow, 50 50

cu f't/hr
Trailing Shield Gas Flow, 50 50

cu ft/hr
Number of Passes, per side 2 1

Single~ and double-pass per side weldments were made initially in
plate of steel No. 3. The remalning five steel plate weldments
were made with a double-pass per side.

Automatic-TIG Plate Weldments - Steel No. 2 was the only steel for
which the plate was welded with the automatic TIG process. The two-
pass per side procedure was used. The welding conditions are given
in Table 5.

TABLE 5. WELDING CONDITIONS FOR AUTOMATIC
TIG 0.500-INCH PLATE WELDMENTS

Energy Input,

Conditions 51,000 Jjoules/in
Preheat and Interpass Temp.,oF 400 3800
Arc Voltage, V. 14.0
Arc Current, amp, DCSP 304
Filler Wire Dia., in. 0.062
Wire Feed Rate, ipm 20-30
Travel Speed, ipm 5
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TABLE 5, WELDING CONDITIONS FOR AUTOMATIC
TIG 0.500-INCH PLATE WELDMENTS

(cont'd.)
Energy Input,
51,000 joules/in
Shielding Gas Helium
Purging Gas Argon
Torch Shield Gas Flow, cu ft/hr 20
Purging Gas Flow, cu ft/hr 10
Tungsten Electrode Dia., 1in. 1/8

Bulge Specimens and Pressure Vessels - The bulge specimens were
welded with the double-pass sequence. The first pass was manually
TIG welded and the second pass was welded by the automatic TIG
process. An energy input of approximately 7900 Jjoules per inch was
used for both passes. It was necessary to use manual TIG welding

for the first pass because the root-opening was mechined wider than
required, and the automatic welding process would not permit bridging
the gap as easlly as the manual TIG welding process. The preheat
;egger;ture used was 400 F. The other conditions are given in

able 2.

The girth and boss welds of the pressure vessel were tacked
every 90 degrees by the manua) TIG process and filler wire, as
described under tack welding. The manual TIG process was used for
these girth and boss Joints with an energy input of 7700 joules
per inch which is slightly below the medium energy level of 7900
Joules per inch given in Table 2. Other conditions are listed in
Table 2. For the girth welds, a three-pass sequence, quartering every
180 degrees, was used. The boss welds were made using a two-
pass sequence, quartering every 180 degrees. The manual TIG
process and the quartering 180-degree sequence were used to minimize
any possible distortion during welding since elaborate fixturing
was not used during the welding operation.

Lehig% Restraint Tests - The modiflied Lehigh restraint tests were
welded w e process. Only one pass at any energy input of
40,600 joules/inch was made in each test specimen. The other
weiding conditions are given in Table 4, automatic MIG 0,.50-inch

welding conditions.

Tack Welding - No tack-welding was permitted in the flat-sheet or
plate weldments. Previous experience with other low-alloy steels

has shown that tack welds may be a source of porosity and cracks.,
Since tack welds are usually made with a lower preheat, rapid

cooling of the weld area and the high shrinkage stresses induce
cracks and porosity. In the small-diameter pressure vessels, tacking
was used only in the circumferential and boss welds. This tacking
operation consisted of using a preheat of 500 F, producing large
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and frequent tacks with the addition of filler metal to overcome
the high shrinkage-stresses, and minimizing the possibility of cracks
by a slower cooling rate.

Weld Repair - VYeld repairs were made on some of the bulge specimens
and pressure-vessel weldments of steel No. 2. These weldments were
previously postheat-treated at 1350 F for two hours or at 1700 F
for 1/2 hour, then air cooled and tempered at 1350 F for two hours
after the inltial welding operation. In order to eliminate micro-
cracks in the repair welds, a preheat of 450-550 F was used.
Immediately upon the completion of the repair weld, the preheated
bulge plate or pressure vessel was placed in the argon-atmosphere
furnace at 1350 F for two hours and air cooled. The weld repair
was then radiographed and examined. If the radliographs were
satisfactory, the test weldments were postheated at 1700 F, air
cooled, then heated at 1350 F for two hours and air cooled (post-
heat condition No. 2). The weldments were then hardened and
double-tempered.

\lelding Characteristics

Automatic-TIG Sheet Weldments - Table 6 presents an evaluation of
the welding characterlstics of sheet weldments welded by the TIG-
automatic process.

TABLE 6., WELDABILITY CHARACTERISTICS OF HOT-WORK TOOL
STEEL SHEET MATERIAL (Automatic TIG Process-
Argon Shielding Gas)

Sensitivity
Class Arc Weld Metal to Machine
Steel of Steel Stability _Fluidity Settings Bead Contour
1 ——— very Good Very Good Small Small Crown
2 H-11 Mod. Good Good Small Small Crown
3 H-11 Mod. Very Good Very Good Small Small Crown
4 H-12 Mod. Fair Fair Small Small Crown
5 H-13 Mod. Fair Fair Small Small Crown
0 H-13 Mod. Fair Fair Large Flat

Steel No. 6 required the largest energy-input (increase of 10%)
to maintain a stable arc.

The arc length was approximately 1/8 inch; spatter was no problem.
The sensitivity (voltage, amperage, and arc gap) to machine-
settings for steels No. 1 through 5 was small; steel No. 6, however,
was quite sensitive. The largest energy input (increase of 10%)

was required for steel No. 6. The bead contour for steels No. 1
through 5 was a small crown; steel No. 6 had a flat crown. The

use of the trailing shield minimized the formation of oxide scale.
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Automatic-MIG Plate Weldments - The mechanical-property tests of
steel No. 3 revealed I'Ilne porosity in the weld deposit that was
not detected by radiography using a two-percent penetrameter
sensitivity. To improve detection of this porosity, the sensi-
tivity was increased to one percent.

During the plate-welding of the other five steels, scattered
moderate porosity (1/8" dia.) was experienced. To overcome this
porosity, test weldments were made in which the arc-voltage was
varied at one-volt intervals. Radiography and macro-sectioning
of the test plates showed that porosity increased if the arc-
voltage deviation varied more than t+ 1/2 volt, This was the maximum
variation that could be tolerated for best arc characteristics and
minimum porosity without the aspiration of air into the arc column.
Weldments of steel No. 1 could not be prepared with an absence of
porosity. The porosity in this steel was reduced from gross to
scattered quantities.,

The welding characteristics of the various filler wires were
observed during MIG welding of 0.500-inch plate and the results
are listed in Table 7.

TABLE 7. WELDABILITY CHARACTERISTICS OF HOT-WORK TOOL STEEL
PLATE MATERIAL (Aut-matic MIG Process - Argon and
1% Oxygen Shielding Gas)

Optimum
Class Arc Weld Metal Voltage
Steel of Steel Stability Fluidity Spatter Setting#
1 ———- Very Good Good Very Good 304
2 H-11 Mod. Good Very Good Good 32
2 H-11 Mod. Good Very Good Good 30
H-12 Mod. Good Fair Good 33
5 H-13 Mod. Good Fair Good 32
6 H-13 Mod. Good Fair Good 31
# Most suitable voltage with amperage adjusted to give best arc

stability.
#&# Additional experiments required.

The arc stability was good for all the steels but did not reach

the excellent rating of some of the alloy-steel filler-wires used
on other projects in the laboratory. The arc-length used for all
the steels was 3/8 inch. The sensitivity to machine settings for
all steels was especially great wiih respect to the voltage. The
amperage settings could be varied I 10 amps without any appreciable
effect. The bead contour of the MIG weld deposits for all the
steels had a s8light crown. The cup height, bottom of cup to the
bottom of the groeve, for the first pass was 7/8 inch. The
distance from the contact tube to the bottom of the groove was

.
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1-1/8 inches for the first pass. The cup height for the second
pass was 5/8 inch with a contact tube-to-work distance of 7/8 inch.

Mechanical Testing

The mechanical test specimens were taken from plate and sheet
weldments one-foot long by elght-inches wlde. Two weldments were
required to evaluate each welding condition under investigation.
Two longitudinal-weld bend test specimens were taken from one
sheet weldment while two transverse-weld tensile specimens and
one transverse-notch longitudinal-weld tensile specimen were taken
from the other sheet weldment. Two transverse-weld tenslle speci-
mens and two transverse-weld bend specimens were taken from one
plate weldment while Charpy impact specimens were taken from the
other.

Tensile

Transverse-weld tensile tests whose dimensions are given in
Table 8 were used to evdluate both sheet and plate weldments.

TABLE 8. DIMENSIONS OF TEST SPECIMENS

Width of
Type of Thickness, Length, Test Section, width of
Test in. in. in, Grip, in.
Tenslile
Plate  .375 ¥ .010  6-3/4 .500 * ,010(2) 1.25
Sheet 070 ¥ 010 7-3/4 .500 t ,010 0.750
Bend . +
Plate 470 = ,010 6-3/4 2= .015 = ecma-
Sheet .070 t ,010 2t .015 = eeee-

(a) Some specimens vere reduced from .5 to .25 inch width because
of gripping difficulties.

The sheet tensile specimens were held in self-aligning K-grips,
while the plate specimens were held in heavy-duty Jjaws. The
extensometer was removed soon after the 0.2 percent strain-offset
proportional 1limit (or yield strength) was achieved. Total elong-
ation of the weld and adjacent base metal was measured over l1/2-,

1-, and 2-inch gage lengths. The gage lengths were placed symmetrical
to the weld center line.

A special pin-loaded longitudinal-weld tensile specimen con-
taining a single transverse-notch across the weld, heat-affected
zone, and base metal was used also to evaluate the sheet weldments.
The notch-fracture strength was obtained and the source of fracture
initiation (whether the weld metal, heat-affected zone, or base
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metal) was determined by observation of the fracture face. A
drawing of the specimen 1s given in Figure 3.

High-temperature tensile tests were performed on welded sheet
specimens of H-11l steel No. 2 at 400, 800, and 1000 F. Some of
the specimens were held at the test temperature, under no load,
for a period of 24 hours prior to testing to determine whether
detrimental structural changes would occur. The load was applied
through self-aligning K-grips. Deflection was measured by means
of a deflectometer which recorded the cross-head travel to provide
a load-deflection curve. Since cross-head deflection was measured,
the active gage length was the distance between the grips modified
to an equivalent length to take into account the lesser amount of
strain occurring in the wider sections of the specimen. An
equivalent gage length of 4.5 inches was used in determining the
yield strength; the procedure for determining the equivalent gage
length 1s given in the Appendix.

Two thermocouple wires were attached to each high-temperature
test specimen, one inch above and one inch below the mid-point of
the specimen length, to record the temperatures, Maximum tempera-
ture variation along the specimen was ¥ 20 F at 400 Fand £t 10 F
at 800 and 1000 F,.

Bend

The longitudinal-weld bend tests were performed on sheet
specimens, whose dimensions are given in Table 8. The weld
was parallel to the direction of the bending stresses. The load
from a hydraulic jack was applied by a three-point loading die.
The bottom half of the die contained two supports located 2-L/h
inches apart, each support having a fixed radius of 1/2 inch.
The top-half loading dies were of progressively smaller radil
(in 1/16-inch increments) thus increasing the bend angle until
fracture occurred., The radius of the die at which fracture occurred
was noted. From the fracture radius and the specimen thickness,
a nominal percent elongation of the outer fiber of the bend
specimen was determined.

Transverse-weld plate-bend tests were performed with the weld
perpendicular to the direction of the bending stresses., Four-
point loading was employed to insure a constant bending moment
across the weld metal, HAZ, and base metal between the inside rolis
spaced two inches apart. The minimum bending radius was measured
after fracture by matching the fracture faces as closely as possible.

Charpy Impact

V-notch Charpy impact specimens were used initially for H-11
steel No. 3. A modified Charpy specimen having a 1/2-1nch radius
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notch was used subsequently for H-1ll steel No. 2 to provide more
discrimination in the results. The otlier dimensions of the large-
radius Charpy specimens were the same as the standard Charpy specimens,

Bulge Tests

Special lmpulse-bulge tests were performed to evaluate the
resistance of welded sheets to rapidly applied biaxial stresses.

In this test, a 430-pound weight was dropped 23 feet onto a
piston to load hydraulically an eight-inch diameter surface of a
welded-sheet disc. A photograph and a drawing of the machine are
shown in Figures 4 and 5, respectively. The hydraulic fluid was
glycerin. The specimen received an initial preload of about
2000 psl before the weight was dropped in order to increase the
loading capacity of the machine.

The specimen was about one foot in outside diameter with a
ten-inch diameter bolt-hole pitch-circle. The four-inch long wcld
in the center of the specimen was ground and polished flush with
the unground surfaces of the sheet,

A Baldwin SR-4 rosette strain gage, type AR7-2, of a 1/4-inch
gage length was mounted in the ceunter of the specimen (with respect
to the bolt hole circle), and static and dynamic strains were
recorded on a Consolidated Electrodynamics Model 5-119 recorder
having a frequency response of 5000 cps. Paper speed was 160 ips,
cylinder-pressure variation with time was photographed from an
oscillloscope screen,

Pressure Vessels

Small welded pressure vessels were tested under static and
dynamic conditions as a final evaluation of the welding procedures
and‘parameters developed earlier in the program.

Four vessels were made of 0.090-inch thick sheet of H-1ll steel
No. 2. The cylinders were 11-1/2 inches long by 6-1/8 inch inside
dlameter and were fabricated with a longitudinal weld perpendicular
to the rolling direction. They were capped with deep-drawn
hemispherical heads (having a cylindrical section of one-inch
length at the ends) welded circumferentially to the cylinder.
The two dynamically tested vessels were capped only at one end,
The other end was left open, fitted into the cylinder of the drop-
weight test machine and sealed by an "O" ring. Hydraulic Jjacks
held the vessels 1in place. The two statically-tested vessels were
capped at both ends, one head containing a welded boss shaped to
prevent an abrupt change in the thickness of the vessel,

Each vessel was stress relieved at 1350 F for two hours and
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radlographed upon completion of each weld., The dynamically tested
vessels containing one circumferential and one longltudinal weld
were stress relieved twice, while the static vessels were stress
relieved four times except where repair welds were required. In
those cases, each repair weld was stress relieved immediately
following welding as discussed previously. Each weld was ground
inside and outside so that the reinforcement blended smoothly with
the rest of the vessel. Only the clrcumferential boss-weld was
not ground inside, as 1t was the final closure-weld.

Circumferential strains were measured at the mid-length loca-
tion of the cylinder at the longitudinal weld and at the base-metal
90 degrees away from the weld. Baldwin SR4 (No. N FAB-50-12) strain
gages of 1/2-inch gage length were used. Data were recorded with
the same equipment used for the bulge tests.

Restraint Tests

Lehigh restralnt test speclimens were made, as shown in
Figure 6, in 1/2-inch plate to determine the cracking susceptibility
of the filler metals. The standard Lehigh-specimen weld-joint
geometry was modified to approximate more closely the geometry of
the actual test weldments used in this program. The amount of
restraint was decreased by increasing the length of the saw cuts
along the sides of the specimen. Cracking was determined by
radiographic inspection and, when necessary, by macroscoplc
examination,

In those cases where cracking occurred, the welding procedures
were adjusted in an attempt to eliminate cracking.

Single-pass welds were made in the 0.5-inch plate specimens
by the MIG process with a shielding gas of argon plus one percent
oxygen. The plates were cleaned with a power-wire brush and 1-1-1
trichloroethane solvent, The welds were allowed to cool to room
temperature immediately after welding and were then stress relieved
at 1350 F for two hours. The stress-relief treatment was used to
reduce the possibility of the cracks extending during aging at
room temperature before they could be inspected.

RESULTS AND DISCUSSION

Restraint Tests

The results of the restraint tests are given in Table 9.
Increasine the preheat temperature reduces the cracking-
susceptibility of welds deposited in these steels under restraint.
The H-12 steel No. 4 filler wire was the most crack sensitive
whlle the other steel filler wires had about the same crack
susceptibility under restraint. A welding wire of slightly lower
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carbon content (0.35 percent) did not affect the results of
specimen No. 4 of H-11 steel No. 3 at a 600 F preheat.

Specimen No. 3 of steel No. 1 was not cooled from the 800 F
preheat temperature but was postheated immediately to 1350 F and
held for ten hours to provide isothermal transformation of the
austenite, A crack occurred in the center of the weld cross-
section as shown in Figure Ta. Since the center of the weld was
the last to solidify and since suddenly applied quenching stresses
were absent, it was reasoned that high-temperature shrinkage-
cracking had occurred.

Since cracking could be eliminated by increasing the preheat,
it was evident that shrinkage stresses from solidification were
not responsible alone for the cracking, but that the cracking also
occurred at lower temperatures., With lower preheats, less
ductile weld microstructures were produced as a result of the
more rapid cooling rate. Metallographic observation of the weld-
metal microstructures revealed that the preheat of 400 F resulted
in a much lighter dendritic pattern and a more acicular structure
than the 800 F preheat.

The effect of reducing the preheat temperature from 800 F to
400 P in these restraint tests was to increase the theoretical
cooling rate more than 15 times at the center line of the weld
metal at 1000 F. Theoretical cooling rates for these restraint
tests as a function of preheat temperature and plate thickness
are given in Table 10,

TABLE 10. THEORETICAL COOLING RATES AT 1000 F AT CENTER
OF A WELD IN THE LEHIGH RESTRAINT TESTS

Cooling Rate, F/sec.

Preheat Energy Input, Plate Thickness,
Temperature, F BTU/in, 0.50 in, 0.090 in,
uoo “108 3.“8 0112
500 41.8 1.9 064
600 41.8 1.02 033
700 41.9 426 .01
800 43.5 0222 ' .00

In general, 1t was found that most of the cracks initiated
at the root where penetration was incomplete (purposely, to cause
a high stress concentration notch), and that the cracks propagated
upward through the center of the weld along the center line of the
symmetrical weld structure pattern. The crack pattern of Figure Tb,
however, indicates that cracking may have initlated in the center
of the weld as well as at the root, and that the crack which was
initiated at the center intersected the one from the root.
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It 1s concluded that both high and low temperature cracking
occurred but that the low temperature cracking occurred more
readily. The results of the study were not verified by statis-
tically reilable quantities since only comparative results were
desired,

Variation of Weld Parameters Study (H-11 Steel No. 3)

Effects of Energy Input, Preheat, and Postheat

The effects of these weld parameters on mechanical properties
after hardening and tempering were evaluated for sheet welds in
steel No. 3, made by the TIG welding process. The investigation
was carried out in accordance with statistical principles of the
analysis of varlance in order to obtain the greatest amount of
information from the tests., A simllar welding-parameter study was
performed for 0.5-inch plate in which the MIG welding process was
used.

A pilot investigation using only energy-input Level Y, shown
in Table 11, was made to evaluate the effects of a 200 F preheat
temperature which permitted almost total transformation to marten-
site before the postheat treatment. This preheat has recently
been adopted by some industrial fabricators of hot-work tool
steels. The greatest energy input condition Y was used with the
low preheat to insure complete penetration of the joint,

The symbol-notation system used in this report for the various
welding parameters is given in Table 11. For example, welding
condition V-AlX indicates the use of a 400 F preheat, a postheat
at 1350 F for two hours, followed by an air cool and an energy-
input of 7900 Jjoules per inch for each of two passes using a
1/32-inch diameter filler wire. The prefix V denotes the use of
steel No. of Table 1. For preheat condition A, the weldment was
cooled to 400 P.from welding before the postheat treatment. For
preheat condition B the weldment was cooled to 600 F (above the
Ms) following welding and held isothermally for 24 hours to obtain
isothermal transformation to balnite. For the preheat condition C,
the weld was not allowed to cool below the Ms temperature before
postheat treating. The remainder of the table is self-explanatory.

All specimens were hardened and double tempered after post-
heat treating.

Metallographic Studies

An examination of microstructures of the as-welded specimens
(before hardening) was made and the results are outlined in
Table 12.
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TABLE 11.

Preheat
4oo F (a)

600 P (B)
(2"”th
hold)

800 F (c)

None (D)

200 P (H)

Preheat
400 F (B)

800 P (P)

800 P (G)
(allow sub-

WELD PARAMETER CONDITIONS.

Symbol in parentheses

is a notation system to denote that condition,

Sheet Specimens

Postheat

1350 F, for two hours,
air cool to room
temperature (1)

1700 F, air cool to room
temperature and temper
1350 F (2)
1700 P, slow cool to
1350 F, hold for two
hours and air cool

1350 F for long time,
cool to room temperat%ie

Plate Specimens

(31)*

Energy Input

7900 joules per inch,
two passes, 1/32-in.%
wire (x)

10,100 Joules per inch,
one pass, .045-1in.
(¥)

wire

6550 jJoules per inch,
two passes, .045-in.
wire (2)

Postheat

1350 F, air cool to room
temperature 1)

1700 F, air cool to room
temperature and temper
1350 F (2)

sequent cool

to 150 F

Energy Input

50,000 joules per inch,
two passes, 1/16-in.
wire (v)

40,600 Jjoules per inch,
four passes, 1/16-in.

wire (W)
51,000 joules per inch,
four passes, 1/16-in.
wire (v)

& The presence of a "prime" symbol above the postheat designation
(1.e., V-A3'X) indicates that the specimens were full annealed

and rehardened.
postheat treatment.

The full anneal then becomes the significant
The full annealing treatment was: 1600 F

for 1/2 hour, slow cool to 1000 F, and air cool.

Material Prefix Designation

P - Steel No. 1
A - Steel No, 2
V - Steel No. 3

C - Steel No. 4
J - Steel No. 5

M - Steel No 6

* Notes A .O45-inch wire was used with this ene input for
the other five steels (other than Steel No. §§f
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TABLE 12. WELDMENT MICROSTRUCTURES AS POSTHEAT TREATED (UNHARDENED)

Weldment
Condition Weld Metal HAZ Base Metal

_and No. 2 345 12 345 2 3 4
Hl Y 60

Bl X 50

Y 75
2 65

Al X 48
Y 56
X 63

Cl X 42
Y 70
271
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Microstructure
Designation

1
2

TABLE 12 (Continued)

Code to Microstructures

Weld Metal

HAZ

Acicular Pattern Acicular Pattern

Tempered or
Annealed
Structure

Intergranular
Carbide
Precipitate

Extent of
Delineation of
the Dendrite
Pattern

Untempered
Martensitic
Structure

Tempered or
Annealed
Structure

Intergranular
Carbide
Precipitate

Spheroidite (or
fine pearlite),
Segregated about
Grain Boundaries
Leaving a Ferrite
Core

Untempered
Martensitic
Structure

Base Metal

Tempered or
Annealed
Structure

Grain Boundary
Discernible

Spheroidite
Structure



The 200 F preheat (preheat H) resulted in nearly total trans-
formation to martensite, while the 400 F preheat (preheat A)
permitted only approximately 20 percent transformation to martensite.
Preheat B at 600 F, in which the specimen was held at 600 F for
24 hours, accomplished the formation of bainite, while the 800 F
preheat (C) maintained the weld metal in an austenitic state.

Preheats B and H, combined with postheat 1, resulted in a
process-annealed structure (or highly tempered bainite) and mar-
tensite, respectively. Traces of a very flne whlte constltuent
(probably untempered martensite, but possibly ferrite) were found
in the Bl treatments,

Preheats A and C combined with postheat 1 resulted in a
structure of untempered and tempered martensite. The two-hour
isothermal hold at 1350 F, which was adequate as a process anneal,
was lnadequate to wholly transform the austenite isothermally to
pearlite; hence, the austenite remaining after the two-hour hold
transformed to martensite upon cooling to room temperature. This
type of treatment in which the weld is not permitted to cool
below the Ms temperature before postheating at 1350 F for a short
time was reported as being widely used in the First Quarterly
Progress Report. The resulting untempered martensite present
after postheat treating might be considered as conducive to
cracking.

Postheat treatments 2 and 3 both involved heating to 1700 F
above the A temperature; hence, the resulting microstructures
were influenced by the preheats except possibly as affected by
graln size. Such an effect on graln size was not observed,
although grain size was usually not discernible. All specimens
receiving postheat 2 resulted in a fairly homogeneous acicular
structure, free from intergranular preciplitates or white consti-
tuents. The microstructures of specimens receiving postheat 3
were not as uniform as those of postheat 2 since the treatment
was more difficult to control. They were characterized by large
HAZ grains (No. 3 ASTM grain size maximum) and a high degree of
carbon segregation. The C3 combination resulted in fine-1line
type of carblde segregation and untempered martensite in the
center of the very coarse dendrites, indicating incomplete trans-
formation of the austenite with postheat tieatment 3.

Macrostructures and microstructures of as-welded weldments
No. 60 (V-Hl1Y), No. 61 (V-H2Y), and No. 62 (V-H3Y) which had
received a 200 F preheat are shown.,in Figures 8 through 11,
indicating that a predominantly homogeneous and tempered micro-
structure results from this preheat. Microstructures for weld-
ments No. 66 (V-A2Z) and No. 52 (V-B3X) are shown in Figures 12
and 13, Figure 13 shows patches of untempered martensite (white)
in the center of regions of high chemlcal segregation.
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10X Etchant: 2% Nital R3063
(a) Cross Section View

600X Etchant: 2% Nital R3120

(b) Heat Affected Zone

FIGURE 8. FHOTOMICROGRAPHS OF WELDMENT CONDITIONS V-H1lY
(Weldment No. 60).



600X Etchant; 2% Nital R3130
(a) Weld Metal Structure of “eldment Condition V-H1Y

10X Etchant: 2% Nital R3062
(b) Cross Section View of Weldment Condition V-H2Y

FIGURE 9. PHOTOMICROGRAPHS OF WELDMENT CONDITIONS
V-H1Y (Weldment No. 60) AND V-H2Y
(Weldment No. 61)
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R3064

2% Nital

“ELDMENT CONDITION V-H3Y
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600X Etchant: 2% Nital R3066

(a) Heat-affected zone structure

600X Etchant: 2% Nital R3065
(b) Weld metal structure

FIGURE 11. PHOTOMICROGRAPHS OF WELDMENT
CONDITION V-H3Y (Jeldment No., 62)
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000X Etchant: 2% Nital R3132
(a) Weld-Metal Structure

620X Etchant: 2% Nital R3131
(b) Heat Affected Zone Structure

FIGURE 12. PHOTOMICROGRAPHS OF “ELDMENT CONDITION
V-A2Z (Weldment No., 66
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5U0X Etchant: 2% Nitail R3133

.eld meial sirucuiure

FIGURE 13. PHOTOMICROGRAFHS OF ~ELDMENT CONDITION V-B3X
(weldment No. 52)
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Some microstructures were also examined in the hardened and
tempered conditions, as 1s shown in Figure 14; the heavy carbon
segregation in the region of the grain boundaries in the weld
metal of specimen 42 (V-ClX) 18 not entirely removed by the
hardening and tempering heat treatment. Figure 15, however,
indicates that the fine-line carbon precipitate of weldment 68
(V-c3Y) was removed by hardening and tempering. The as-~hardened
and tempered microstructuresof weldments 69 (V-c2Y), 60 (V-H1lY),
and 76 (V-A2Z) were tempered martensite similar to those of
specimen 68, shown in Figure 15.

A special test was performed to determine wheth~r isothermal
transformation from austenite to balnite occurred with the 600 F
preheat treatment B described in Table 11. In this test a special
weld was prepared and air cooled after the isothermal hold at
600 F for 24 hours. According to the isothermal transformation
diagram for steel No. 3, transformation should begin after 15
minutes. Metallurgical examination indicated that untempered
bainite was predominant, as shown in Figure 16. Microhardness
measurements indicated that the average hardness of the weld metal
was Rec 57.5. The hardness of the heat-affected zone was Rc 55,
which was as expected from the heat treatment.

Tenslle Tests

Sheet Specimens -~ Tensile data for unwelded test specimens in
gteel No. 3 are given in Table 13. Groups of four specimens were
subjected to the three postheat treatments which the base metal of
the weldments received prior to hardening and tempering. The
results indicate that the postheat treatments did not significantly
affect properties after hardening and tempering. Rase metal
average yield strength was 235,000 psi, while average tensile
strength was 283,000 psi, and average elongation was 5.0 percent.

Transverse-wveld tensile test data for 28 weldment conditions
are given in Table 14 for sheet specimens of steel No. 3. Eighteen
percent of the fractures occurred in the base metal, 25 percent
occurred in the heat-arffected zone, and 57 percent occurred in the
weld metal. PFrom these data of welded specimens there 1s no
correlation between the plastic-flow angle, @, and elongation
values,

On one occasion some difficulty was experienced in control-
ling the tempering temperature. Seven of the sheet weldment condl-
tions were tempered at a slightly higher temperature than planned.
To correct this, weldment conditions 50, 51, 52, 57, and 59 were
given a full anneal and were rehardened and tempered. The
annealing treatment consisted of holding the specimens for 1/2
hour at 1500-1600 F and air cooling. This anneal was reported by
the steel producer to be necessary between hardening operations

41



R2049

2% Nital

Etchant:

600X
After postheat treating; before hardening and tempering

(a)

R3034

2% Nital
After hardening and tempering

Etchant:

600X

(b)

FIGURE 1u, MICROSTRUCTURE OF SPECIMEN NO.42, WELDMENT CONDITION V-ClX
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600X Etchant: 2% Nital R3134
(a) After postheat treating; before hardening and tempering

Etchant: 2% Nital
(b) Arter hardening and tempering

FIGURE 15. WELD METAL MICROSTRUCTURE OF SPECIMEN
NO. 68, WELDMENT CONDITION V-C3Y
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1000X Etchant: Picral + HCi R3076

FIGURE 16, BAINITIC STRUCTURE OF SPECIAL WELDMENT PREHEATED
AT 600 F, HELD ISOTHERMALLY AT 600 F FOR 24 HOURS
AND AIR COOLED
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to prevent abnormal grain growth., The treatment ls considered as
a special postheat treatment and designated in symbol notation
by a "prime" symbol following the postheat number.

Average hardness values of the tensile specimens varied
from 50 Re to 55 Re; however, the data were normalized with respect
to hardness by dividing tensile and yleld strength by the average
hardness value and by multiplying elongation and hardness values,
The resulting values permit a comparison of properties independent
of strength differences due solely to variation in hardness.

The following weldments had low yield strengthsg 51 (V-B2'X),
57 (V-A3'Y), 69 (V-C2Y), 73 (V-A2Y), and 75 (V-B1lY), while weld-
ment No. 51 also had low tensile strength. A predominance of the
high energy input condition Y is assoclated with these low strength
weldments.

It was found that some weld conditions resulted in a superior
combination of both strength and ductility. These were conditions
V-Al1Z (No. 63), V-A2Z (No. 76), V-A3Z (No. 66), V-H1Y (No. 60),
V-H2Y (No. 61), and V-H3Y (No. 62). This indicates that the AZ
and the HY preheat and energy input conditions have the best
properties, regardless of postheat. It should be noted that the
H (200 F) preheat was used only with the Y energy input. It is
expected, however, that a lower energy input would give even
better results since AZ conditions are better than AX or AY
conditions and the Y energy input appears to give generally lower
properties, The low preheat and energy input conditions may be
superior because of their effect of restricting the extent of the
heat-affected zone.

Transverse-Notch %ggiitudinal-weld Tests - Results of the trans-
verse-note onglitu -we enslle tests are given in Table 15.
Originally, the specimen width was two inches; however, some of
the specimens fractured at the pin-loading holes rather than at

the notch. The problem was solved by reducing the specimen width
to 1.5 inches.

It is evident that those specimens welded by the CX condition
were abnormmal in view of their low notch-strength and low percent
shear. The transverse-weld tensile test indicated that these weldments
possessed exceptional strength, but the elongation was not excep-
tionally low and did not reveal the extreme notch sensitivity of
specimens from these weldments. Since these weldments were
hardened and tempered in the same furnace load, it 1s suspected
that a variance in the heat treatment may have caused these abnormal
properties for this group of specimens.

It is interesting to note that of the five specimens in which

fallure did not initiate in the weld metal or heat-affected zone
(welding conditions V-A2Y, V-A2Z, V-B2Y, V-B2Z, and V-B3'Y), four
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of them received postheat treatment 2, It appears that weldment
conditions A2 and B2 are least likely to cause fracture initiation
in the weld or heat-affected zone.

Other welding conditions resulting in fracture strengths
greater than the average tensile strength of the unwelded material
were conditions V-A3X, V-AlZ, V-A2Z, V-BlY, and V-B3Y,

Plate Specimens - Transverse-weld tensile data for plate specimens
of steel No. 3 are presented in Table 16. All fractures occurred
in the weld metal.

The average hardness values were generally within the Rc 51-32
range, which would be expected from the tempering temperature of
1050 F. The hardness range within one specimen 1is, however,
unexplainably large. Hardness readings were taken on opposite
sides of one end of the specimen.

The presence of slag in specimen V-E2V-B greatly decreased
both strength and ductility; however, this slag was not of suffi-
cient quantity to be detected by radiography.

The source of fracture in most plate tensile specimens was
observed to be porosity. All weldments were radiographed at two-
percent sensitivity after welding but the porosity and other flaws
were too small to be detected. In those fractures in which no
veld-metal defect could be found at the initiation source, the
fracture occurred at or near the center of the fracture face.

From these data, the presence of porosity did not appreciably
affect strength values, but it did lower the ductility. Specimen.
which did not fail from weld defects had an average elongation in
two inches of 6.3 percent, while elongation for the others was

3.0 percent. Data for duplicate specimens of each weldment condi-
tion are in good agreement in spite of the presence of porosity.,
The F2W condition apparently provides the highest yleld strength
properties,

The presence of porosity may be attributed to unclean filler
wire. The wire was not copper-flash coated but was bright finished,
cleaned, and packed in plastic bags containing a desiccant. Some
oxidation occurred on some of the wires which were not properly
packed. The wire was cleaned by hand as well as possible, but it
is believed that the contamination contributed to the porosity.

A mechanical brush cleaning process was devised for use in subse-
quent cleaning operations to reduce the porosity.

Bend Tests

The bend test data are given in Table 17 for sheet weldments
of steel No. 3. Thirty-seven percent of the fractures initlated in
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the weld metal, 27 percent in the heat-affected zone, 30 percent
in the base metal, and six percent initiated in both weld metal
and heat-affected zones.

The following weldments had exceptionally high bend ductility
(20 to 25%) when normalized: weldment condition No. 61 (V-H2Y),
62 (V-H3Y), 68 (V-c3Y), and 63 (V-AlZ). Weldment No. 67-1
fractured at the very low bend-elongation value of 5.2 percent,

Deformation bands were observed on the ground-finished sur-
faces of the bend specimens, as illustrated in Figure 17. The bands
were present in the weld metal, being less prominent on the center
line of the weld metal, In some cases (weldments No. 41 and 42)
separate bands occurred on both sides of the weld in the heat-
affected zone, separated by bands which dld not contain deformation
lines. In weldment No. 44, the two outer bands extended across
the entire base metal so that essentially the entire surface
contained deformation llnes except for two narrow bands in the
heat-affected zone. Weldment No. 46 exhibited a deformation band
only in the weld metal region. These bands are significant in that
they indicate a difference in the plastic behavior of the weld
region with respect to the base metal, Fracture behavior vas
affected by the presence of the btands as shown by the discontinuous
line of the fracture across these bands.

The distinct differences in the plastic~flow patterns of the
bend specimens are of interest and are significant. Flow pattern B
(defined in Table 17), in which flow occurred in the weld metal and
the heat-affected zone only, is frequently assoclated with p-rstheat
condition No. 1; flow pattern A, in which flow occurred in the
base metal as well, is assoclated with postheat treating condition
No. 2. Flow pattern D, in which flow occurred only in the weld
metal, is associated with postheat condition No. 3. No differences
in microstructure of microhardness! could bc associated with the
flow behavior.

The fracture line was observed to be stralght across the
specimen when high elcngation values were achieved but often
appeared as a sinusoldal pattern for low elongation values,

Transverse-weld bend-test data for plate speclimens are given
in Table 18. Again, porosity was present which decreased bend-
elongation values. All fractures occurred in the weld metal,

Charpy-Impact Tests

Charpy V-notch impact tests were performed on the weld metal
and base metal of plate weldments of steel No. 3 at temperatures

T MIcrohardness varied randomly from 580 to 640 Knoop values (Rc 52
to Rec 53.5) within the cross section of bend specimen No. 69.
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FIGURE 17. LONGITUDINAL-WELD BEND TEST SPECIMEN
SHOWING LOCAL AREAS OF PLASTIC FLOW
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of 80, 212, 600, and 1000 F, The V-notch was placed in the weld
metal with the root of the notch perpendicular to the plane of the
weldment plate so that all the weld passes were traversed by the
notch., For the base-plate, a similar notch-direction resulted in
the fracture transversing the rolling direction.

The impact data are presented in Figure 18. The average
weld metal impact values at room temperature were quite low
(5.3-11.6 £t/1b). Since these steels are most promising for
high-temperature applications, subsequent testing was performed
at higher temperatures rather than at lower temperatures. No
energy-transition temperature was observed.

Impact tests were performed on the base-plate materials which
were subjected to the postheat treatments belng evaluated in this
weld parameter evaluation. The impact values for the base metal
were only on the order of two to three foot-pounds higher than
those for the weld metal.

The Charpy V-notch impact tests, based on the criteria of
energy absorption, lateral contraction, and fracture appearance,
did not indicate the relative merits of any welding condition.
The values for any one welding condition appeared to fall in a
random manner between the limits of the curves of Figure 18, It
was therefore considered advisable to use the shallow-notch or
large-radius impact test advocated for evaluating tool steels,
In this test, a 1/2-inch radius notch approximately 5/64 inch deer
is ground 1& a standard size Charpy specimen. The shallow notch
is reported™ to 1lllustrate differences in materials not shown by
the standard V-notched Charpy specimen.,

Statistical Evaluation

The tensile-test and bend-test data from the variation of
parameters study for sheet specimens were evaluated by statistical
analysis of variance methods; computations were made by the 704
computer at Electric Boat Division. The findings imply that weld
parameters of preheat, postheat, and energy input have an
influence on the mechanical properties of weldments after harden-
ing and temperlgg for sheet specimens but apparently not for
plate specimens<,

The results of the statistical analysis arz presented 1in
Table 19. A yes or no answer is given (using a 95% confidence
level) to the question of whether 'the welding parameter had a
significant influence on the mechanical property being considered,
and if there were significant interactions between the welding

1 Reference 6

2 This may be a result of the smaller number of plate specimens
tested 1n comparison with the sheet specimens.
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parameters. For example, a significant interaction between preheat
and energy input would indicate that the specific effects of energy
input would be dependent on the particular level of preheat used.
For those welding parameters found to be significant, the level
found to give the highest values for each mechanlical property was
written first (by the use of the symbol notation of Table 11) with
the other two levels written in the order of decreasing magnitude.
Parentheses about two of the parameters indicate that neither was
significantly better nor poorer than the other. Thus in consider-
ing the effect of preheat on tensile strength it was found that
preheat C gave significantly higher tensile strength than either

A or B and that the A and B preheats (in parentheses) were not
significantly different,

A correlation coefficient indicates the degree of agreement
between replicate mechnical specimens; two tensile specimens from
a single weldment and two bend specimens from another weldment
were tested for each welding condition., The higher the correlation
coefficient number, the greater the agreement between replicate
results. The tensile and yield strength correlation coefficients
are acceptable; the elongation coefficlents were much smaller.
This is not surprising since it 1s conceded that elongation values
for transverse-weld tensile specimens are not very meaningful
values., This is illustrated by the spread in results given for
the 1/2-inch, l-inch, and 2-inch gage lengths in Tables 14 and 16,
The bend elongation also showed poor correlation; however, it was
realized that this test was performed primarily for qualitative
rather than for quantitative results.

As was expected, interactions between the parameters are
significant. The interaction between preheat and energy input 1is
particularly strong. It should be noted that this significance
can only be discerned through the use of a statistical analysis of
variance experiment.

An inspection of Table 19 indicates that, considering strength
alone, conditions ClX or ClZ would provide the highest strength.
Considering ductility alone, conditions B3Z, bL3Y, A3Z, or A3Y
would be best.

Since the 200 F preheat (condition H) was used with only one
energy input instead of three, it could not be evaluated by the
computer.

Welding Parameters for the Other Steels

The remailning five steels listed in Table 1 were investigated
by using the two or three most promising welding conditions deter-
mined from the investigation of steel No. 3, conditions C4X, A2Z,
and H1X.
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Effects of Energy Input, Preheat, and Postheat

The findings of both the statistical study and direct
observation of mechanical data indicated that condition C1lX pro-
duced the best strength, although the ductility was only-average.
The strength levels for the Cl conditlions were higher than those
of the other conditions, so that condition ClX warranted further
investigation with the other steels. The postheat condition 1 was
modified, however, to provide a longer isothermal holding, time at
1350 F to insure total transformation from austenite, and to prevent
the formation of untempered martensite., This modified postheat
conditizn was subsequently referred to as postheat condition 4,
1.e.’ C x.

The AZ (AlZ, A2Z, A3Z) and the HY conditions produced the
most favorable combination of both strength and ductility, as was
stated in the presentation of tensile test results. The statistical
results indicated that condition A3Z had superior ductility; how-
ever, the occurrence of carbide precipitation associated with
postheat 3, even though it was observed to vanish upon hardening
and tempering, precluded its inclusion as a good condition. The
favorable as-welded microstructure assoclated with postheat 2 and
the occurrence of untempered martensite associated with the Al
conditions prompted the selection of condition A2Z.

Condition H1Y (weldment No. 60) had the best combination of
properties among the HY group, discounting the results of tensile
specimen No. 60-2 which falled because of an inadvertent notch in
the base metal. Since the Y (highest) energy input was found to
result in poorer mechanical properties, it was considered prefer-
able to use the condition H1X for the other steels. The Z input
condition was too low to make an effective weld in combination with
the low 200 F (H) preheat.

Although welding conditions were not found to be significant
for plate, the presence of porosity railsed a question of the
reliability of the results even though the correlation coefficient
for tensile strengrh was quite good.

For plate welds, two promising weld conditions were selected
for use with the other five steels. The results of the restraint
teats indicated that a high preheat would reduce the tendency
toward cracking of restrained plate; hence, only preheats above
the Ms temperature were considered for plate. It was expected
that condition Bll would produce martensite upon cooling from
800 F to 150 F which would be subsequently tempered by postheat 1;
the welding procedure was also relatively simple. Condition F2v,
although a more complicated welding procedure, subjected the weld
to a 1700 F homogenization treatment before followlng the same
treatment used for condition GlW. In neither case was austenite
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slow-cooled or held isothermally, thus preventing the precipitation
of carbldes. The lower energy input condition W gave better yield
strength values than energy lnput V for steel No. 3; this was con-
sistent with the observation that lower energy input values were
more favorable,

Metallographic Studies

The weld-zone microstructures of the five other sheet 3teels
welded by condition A2 were compared prior to hardening and
tempering. The microstructures for H-11l steel No. 3, H-12 steel
No. 4, and steel No. 1 were nearly identica. ., The weld metal
adjacent to the heat-affected zone (HAZ) and the interior weld
metal of H-11 steel No. 2 shown in Figures 19a and 19b, respectively,
are representative of these three materials. The elongated den-
dritic structure shown in Figure 19a was not as pronounced in the
weld metals of the other two steels,

The heat-affected zone and weld metal microstructures of H-13
steel No. 6, shown in Figures 20a and 20b respectively, were more
acicular. Comparable microstructures for H-13 steel No. 5, shown
in Figures 2la and 21b, reveal the presence of a white phase,
probably of untempered martensite in the darker regions of carbon
concentration in the heat-affected zone. This phase is not present
in the unaffected base metal microstructure of steel No. 5 shown
in Figure 22a. The white phase is seen even more distinetly in
Figure 22b in the 1/2-inch plate weldment of the same steel welded
by welding condition GlW.

The microstructures obtained by welding condition CuUX were
different from welding condition A2Z, This 1s shown by comparing
the heat-affected zone and weld metal microstructures of welding
condition A-C4X, in Figures 23a and 23b for H-11 steel No. 2, with
welding condition A-A2Z of Figure 19, The long isothermal hold at
1350 F for six hours resulted in regions of high carbon concentra-
tion and intergranular carbide precipitates in the weld metal.
Nevertheless, the long isothermal hold permitted complete trans-
formation of the austenite, thereby eliminating the untempered
martensite regions (shown in Figure 1l4a) produced by the shorter-
time isothermal hold of postheat 1.

The microstructures of l/?-inch plate of the other five steels
as welded with conditions G1lW and F2V viere falrly homogeneous with
no evidence of carbide precipitates, untempered martensite, or
other irregularity. The one exception, weldlng condition J-GlW, was
previously discussed and shown in Figure 22b.

Tensile Tests

Sheet - Results of transverse-weld tensile tests of five sheet
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00X Ftchant: 5% Nital R3168
a) Weld-Metal Microstructure AdJjacent to the Heat-Affected Zone

“COX Etchant: 5% lliital R3109

b) Wweid-Metal Microstructure

FIGURE 19. MICROSTRUCTURES OF JELDMENT CONDITION A-A2Z
(Weldment No. 91, Steel MNo. 2)
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000X Etchant: 5% Nital R3165
a) Heat-Affected Zone Structure

000X Etchant: 57 Nital R31lot
b) ield-Metal Structure

FIGURE 20. MICROSTRUCTURES OF WELDMENT CONDITION
M-A2Z (vWeldment No. 93, Steel No. ©)
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mrehanty o« Nital

-

a) Heat-iaffected Zonrne Structure

cOOX Etchant: &7 Nital R3103
b) weld-letal Structure

FIGURE 21. MICROSTRUCTURES OF VWELDMENT CONDITION
J-42Z (VYeldment No. 94, Steel No. 5)

68



AR

hes
A ‘_,_f:,ﬁ

£
it s ]
b‘-‘r"" -

Y

Al )

.

gl XS
v
<

P

} 4
o2

5
L
I 4N Y

. . ¢ e J ‘_- oy o 2., v W
G HI NI A, O AL R SIS D0 A T el
j“,,. (O, AH ),:_’.si"’\t:,".,ff:‘\ ) 4 R SRk S *Qé_l.‘:ﬁ' !'.-.‘ -¥,..:.
4 s‘ LR AN VA4 %o, MY &Y v
LA KV SNSRI SO, i S s i L SRV S

2,
-

»

T e

000X Etchant: 5% MNital R3161

L00X Etchant: 57 Nital R3192

b) HAZ Microstructure of Veldment No. 10
Weld Condition GIW

FIGURE 22. MICROSTRUCTURES OF WELDMENT IN H-13 STEEL NO. 5
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FIGURE 23.
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steels are presented in Table 20. The H-11l steel No. 2 and steel
No. 1 are the stro:gest while H-13 steel No., 6 is the weakest.

The H-13 steel No. 6, H-12 steel No. 4, and H-1ll steel No. 2 have
the better elongation proper.vies than the other two steels. All
steels were hardened and tempered by an identical treatment:
austenizing at 1850 F and double tempering at 1050 F for 2 + 2
hours. Nothing was discovered in the literature to indicate that
a different heat treatment would be preferable for any of the
steels3 however, the data for some steels were so meager that it
should not be assumed that the optimum heat-treatment (with
respect to maximum ductility at not too great a sacrifice in
strength) was used. For example, the fact that H-13 steel No. 6
has the minimum strength and maximum ductility indicates that the
steel was tempered at a higher relative value compared with the
other steels, Perhaps steel No. 1, having a maximum strength and
minimum ductility, should have been tempered at a higher temperature.
Nevertheless, it can be seen that H-11 steel No.2 would probably
retain the best combination of strength and ductility over a range
of practical tempering temperatures. It should be remembered that
the direct comparison of the properties of the steels given above
compares the steels only at one heat treatment,

Sheet weldments were also welded by the TIG-manual welding
process using welding condition A2X for comparison with the TIG
automatic process. It was necessary to increase the energy input
for the manual process to condition X for the first pass and Y for
the second pass). The tensile test results for these weldments
are also presented in Table 20. Results are nearly identical to
those obtained by the automatic TIG weld.ng process for specimens
of comparable hardness.

The average yleld strength for sheet weldments in H-1l steel
No. 2 welded by the TIG-automatic procegss was 211,500 psi while the
average yield strength for the same steel welded by the TIG-manual
process was 219,500 psi. Average tensile strength for the TIG-
automatic process was 249,500 psi and for the TIG-manual process
it was 252,500 psi. Average eiongations in two inches were 4.25
percent for the automatic and 3.8 percent for the manual TIG
process. The lack of adequate quantities of specimens for statis-
tical reliability makes the comparison of subtle differences difficult.

Tensile properties for unwelded sheet base metal are given in
Table 21. Again, it 1s apparent that the optimum tempering tem-
perature was not achieved for all the steels. Steel No. 2, 4,
and 6 have nearly identical elongation; however, the elongations
for steel No. 1 and 5 are about the same as that of steel No. 3.

The average values for unwelded and welded specimens are

compared in Table 22. It 1s evident that the weld properties
were not as good as those of the base metal. This was particularly
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TABL= 22,

Unwelded Average
Welded Average

Difference

Unwelded Average
Welded Average
Difference
Unwelded Average
Welded Average
Difference
Unwelded Average
Welded Average
Difference

Unwelded Average
Welded Average

Difference

COMPARISON OF WELDED SHEET AND UNWELDED DATA PFOR
THE OTHER SHEET STEELS (Welded by the TIG Auto-
matic Process)

Steel

No.

NN

Yield
Strength,

psi

248,000
229,000

'7.71
229,000
226,000

-1 031
226,000
217,000

4,02

255,000

231,000
.100‘1

217,000
204,000

-6001

75

Tensile
Strength,

psi
290,000
270'000
-6.91

279,500
263.000
~5.85%
275,000
251,000
-8.7%
290,000
250,000
-13.8%

262,000
241,000

-8.0%

% Elongation
in 2 in,



the case for H-13 steel No. 5. The welded H-11 steel No. 2 was
in closest agreement with its base metal properties,

The effects of welding parameters on the tensile properties
of the sheet steels after hardening and tempering are listed in
Table 23.

TABLE 23. THE EFFECTS OF WELDING CONDITIONS ON AVERAGE TENSILE

PROPERTIES
Welding Condition
Property H1X A2Z Cl4Xx
Yield Strength, psi(aza) 229,000 219,000 201,000
Tensile strength, psi 266,000 255,000 254,000
Elongation in 2 in. (a) 3.15 3.75 2,70
Elongation in 1/2 in, 10.40 10.25 9.34

(a) Data from specimens which failed in the base metal were not
used in computing these average values.

It is evident that condition C4X results in inferior strength
and ductility., Condition H1X (no preheat) produces the best com-
bination of strength and ductility but condition A2Z is nearly as
good. Furthermore, the 400 F preheat of condition A2Z is not so
likely to result in weld-cracking in a configuration involving
restraint as the no-preheat conditon H,

It may be seen that there 1is a 15 percent differenee in yield
strength between the C4X and H1X conditions; however, less ffer-
ence was noted for the other mechanical proverties. These results

(although based on a few tests) supplement the more extensive
study of the steel No. 3 in which it was found that welding
paraneters did not have a very appreciable influence on the
mechanical properties after the hardening and tempering heat
treatments,

Plate -~ The results of transverse-weld tensile tests for plate
are presented in Table 24, It is evident that weldments of H-1ll
steel No. 2 and H-13 steel No. 6 generally had the best strength
and ductility.

The weldments of H-13 steel No. © welded with conditicn G1W
vere the only ones in which the weld was stronger than the base
metal. Excellent elongation for thls steel was obtained. Wweld-
ments of steel No. 4 and No. 5 lacked ductilitys however, elonga-
tion values might have been increased by using higher tempering
temperatures.
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It was found necessary to reduce the width of most of the
plate tensile specimens from 0.50 inch to 0.25 inch because of
difficulties in gripping some of the specimens.

Steel No. 1 was not tested because radiography at one percent
senslitivity detected porosity in all plate welds. Attempts to
eliminate porosity in welding thils particular steel were futile.
Small clusters of porosity in the order of l/32-1nch diameter were
observed in specimens 20-1 and 23-2. The porosity reduced
elongation values in the former but not in the latter specimens.
The problem of consistent porosity encountered previously was
eliminated (except for steel No. 1) by more rigid control of arc-
voltage and improving the wire cleaning procedures.

The ductility of specimen 13-2 was impalred by a lack of
penetration resulting in non-fusion at the lands,

Inclusions lying in the plane of the plate and sheet were
frequently found in the base metals of these steels. A large
central inclusion, shown in Figure 24a, extending across one-half
the width of the base metal in a direction perpendicular to the
fracture face, caused the fracture of specimen 12-1 but only after
a ten percent elongation had been achieved. The presence of
inclusions perpendicular to the fracture face was also found in
specimens 11-2, 1l3-1, and 21-1 but 1t was apparent from the
fracture markings that they were not the cause of fracture initia-
tion. Inclusions were also found in sheet base-metal as 13 shown
in Figure 24b. The evidence of an inclusion'is shown in the top
picture of Figure 24b, which is a cross-sectional view of the
fracture face through the inclusion. The inclusion opened up
near the fracture face upon fracture but remains closed and
identifiable to the right of the fracture face.

Transverse-Notch Longitudinal-Weld Tests

These tests were performed with l.5-inch wide specimens; the
two-inch wide specimens were found unsatisfactory with steel
No. 3. Notch radii were between .004 and .006 inch, as measured
on a shadow comparator. The results are presented in Table 25,
Specimens of H-1l1 steel No. 2 and H-12 steel No. 4, both welded
with condition A2Z, did not faill in the weld metal or heat-affected
zone, Specimens of the H-13 steel No. 6 welded with conditions
A2Z and HlX had a notch-strength equal to or greater than the
average base-metal tensile strength for the steel given .in Table 21,

The percent shear observed on the fracture face does not
correlate well with the notch-strength to base-metal strength ratio.

The H-13 steel No. 6 and H-11l steel No. 2 have superior notch
strength to H-13 steel No. 5; all three steels had about the
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300X Etchant: None R3197
a) Plate Tensile Specimen 12-1

LX)

Fracture Face, Bottom; Cross Section into Fracture Face, Top
20X Etchant: None R3212
b) Sheet Tensile Specimen

FIGURE 24, INCLUSIONS IN BASE METAL OF HOT-WORK TOOL
STEEL PLATE AND SHEET
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same elongation (about 5.8%). Steel No. 1 has superior notch
strength to H-13 steel No. 5 even though their elongations were
about the same (5%).

Welding conditions had no effect on the strengths of these
specimens. The average strength for conditlions A2Z, H1X, and C4X
was 251, 252, and 253 ksl, respectively.

Bend Tests

Sheet - Longitudinal-weld bend test data are given for sheet
specimens in Table 26,

The load on the specimen at fracture was recorded. The
corresponding bending stress in the plastic range could not be
easlly determined; however, if it can be assumed that the extent
of necking and geometry remain the same for all specimens, the
fracture load values should provide an indication of the comparative
fracture-strength of these specimens.

A crude parameter, the product of the elongation and the
fracture load, was devised to indicate in a comparative manner the
energy absorbed at fracture. The units of this parameter
pounds per inch, are meaningless; nevertheless, since specimen size
and conditlions of testing were constant, the parameter should pro-
vide a valid indication of the relative energy-absorption of the
test specimens.

The values of elongation, fracture-load, and energy for
specimens welded by the automatic TIG process were compared for
three welding conditions. Similarly, the respective values of the
same propertles for each steel provided an average value for each
steel. These average values are presented in Table 27. In view
of the appreciable scatter of data between replicate specimens
encountered in seven of the fifteen pairs of specimens, it 1is
evident that various welding conditions had no significant effect
on bend elongation., However, fracture-load and energy appeared to
be significantly influenced, with condition C4X providing the
strongest and toughest weldments and A2Z providing the weakest
and least tough. This observation 1s contrary to that of the
tensile data. A comparison 1s also presented in Table 27 between
the bend data of sheet specimens of H~1ll steel No. 2 welded by
the TIG manual process with welding condition A2X and TIG automatic
process with condition A2Z. It appears that the manual welding
process produces stronger and more ductile weldments in bending
for the few number of tests made.

The average bend-elongatlon values for each steel indicate

that H-1l steel No., 2 has the best elongation, fracture load, and
energy ratios while H-13 steel No. 5 has the poorest values for
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the heat treatment used.

TABLE 27. AVERAGE VALUES FOR LONGITUDINAL-WELD
BEND TEST DATA FOR SHEET SPECIMENS

Average Average Average
Welding Bend Fracture Energy
Condition Elongation Load, 1b Parameter, 1lb
(Automatic)
A2Z 9.0 2744 276
H1X 11.7 3284 417
cux 11.1 3774 469
TI6 Manual(®) (a) 13.2 4715 618
TIG Automatic 10.6 3450 387
Steel No.
1 9.4 3240 316
2 15.5 4170 657
4 11.7 3510 435
5 5.6 1480 2
6 11.2 3950 4y

(a) H-11 steel No. 2 welded by condition A2Z for automatic process
and A2X for manual process,

It is interesting to note that, contrary to tensile-test values
in which elongation 1is increased only at the expense of strength,
both values increased or decreased for the bend tesat.

The coarse and fine plastic flow patterns were still influenced
by the post-heat treatment as was the case for steel No. 3. However,
for those steels for which the tempering temperature of 1050 F
produced a high strength and hardness (and less ductility) the
coarse flow pattern often occurred in the base metal, pattern A,
even when the specimen was hardened from the annealed condition
(post heats 1 and 3).

Neither microstructural examination nor micro-hardness traverses
of unstrained cross sections revealed any distinguishing characteristics
between fine and coarse slip regions of the weldment. Observation
of the tested bend specimens indicated that fracture initiated in
the coarse slip rather than the fine slip regions.

It should be noted that the analysis of the bend test is
inherently difficult and that reliable information cannot be
obtained unless a sufficient number of specimens for statistical
analysis are tested,



Plate - Transverse-weld bend-test data are given for plate speci-
mens in Table 28. All fractures occurred in the weld metal or
heat-affected zone. There 1s no significant difference in bend
elongation percent for the condition G1lW as compared to the
condition FlW.

Average values cannot be computed for the fracture loads or
the energy parameter, because some of the specimens withstood the
maximum-capacity of the hydraulic Jjack and were not fractured.

The data indicate that welding condition F2W produced
stronger and tougher weldments for steels No. 4 and No. 5 which
had lower elongations than the other steels. This difference
is probably a result of the normalizing-type postheat 2, although
there are three points of Rockwell ¢ hardness difference in the
base metal hardnesses between the specimens of steel No. 4 welded
by the two different conditions.

A study of the fracture faces indicated that porosity was the
source of fracture initiatlion in only two specimens. Porosity
was not observed in any other fracture faces. The porosity was
very small (about ,012 inch in diameter) and eviden:ly it did not
appreciably reduce elongation or fracture-load values.

The locatlion of the fracture source provided an indication
of the influence of the fracture-initiating defect. The weakening
effects of a centrally located defect which caused fracture was
greater than that of a defect located at the edge where the
tenslle stress was greater.,

No defects were found at most of the sources of fracture
initiation; however, most of the fracture sources appeared to
have a coarse fracture pattern.

Plate Specimens Welded by TIG Process - Plate weldments were pre-
pared by the TI0 weIHIng process to provide a comparison with
those prepared with the MIG welding process., Lack of fusion
occurred in these welds; however, it was expected that the bend-
test results would not be greatly influenced by a lack of
penetration as long as it was at ‘the centroidal axis (center) of
the bend specimen. Bend-test results for TIG plate weldments are
presented in Table 28. A comparison of the data available for the
same steel indicates that the MIG process produced better bend
properties than the TIG process for plate weldments.

Charpy Impact Tests

The results of the large (1/2-inch) radius Charpy impact
tests for 1/2-inch plate weldments are shown in Figure 25. The
energy-transition temperature range, based on a pronounced change in
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slope of curve at maximum and minimum energy levels for the weld
metal of H-1l steel No., 2 welded by condition F2W, 1s about -90F
to -190F, while that for the base metal of this steel is about
~-130F to -230 F.

There was considerable scatter in the results for weld metal
deposited by the TIG welding process. This scatter of data may
be attributed to an internal metallurgical notch effect at the
fusion line. This notch, visible in Figure 26a, greatly lowered
impact energy values. It was suspected that lack of penetration
caused the defect; however, if lack of penetration existed, it
would have extended across the entire width of the Charpy specimen,
The curve of the maximum energy values obtained from flawless TIG
welded specimens indlcated that the energy-transition temperature
was in the range of -40 to -160 F.

The results from the large-radius specimens showed differences
in the performance of steel No. 3 that were not shown by the
standard V-notch Charpy specimens. The influence of the sharp
V-notch was so great for these tool steels that all the energy
values for both weld metal and base metal fell within a narrow
range of 5 to 20 ft-1b. The large-radius notch of the specimens
used subsequently, however, did not provide a stress concentration
but rather insured that fracture would occur across the most
narrow region. Any notch-effect which occurred from metallurgical
defects was not overshadowed by a sharp mcchanical notch, hence
the scattering of the data was meaningful,

The effects of test temperature on the bend angle of the impact
specimens are shown in Figure 27. Less plastic deformation was
encountered at lower temperatures,

Elevated-Temperature Tenslle Tests

Transverse-weld tensile tests of welds in H-11l steel No. 2
were conducted at 400, 800, and 1000 F. The results are listed in
Table 29, The elongation at fracture is not appreclably affected
by test temperature. Both ylield and ultimate tensile strength
decreased with increasing test temperature.

Aging for 24 hours at test temperature prior to tensile
testing showed an effect only at 1000 F. The aging at 1000 F
resulted in a decrease in yield and ultimate tensile strengths
with no appreciable change in elongation,

The high-temperature tensile strength of these weldments was
reduced by 23 percent, and yield strength was reduced by 16 percent
by heating to 1000 F for a short time. The 2l4-hour hold at 1000 F
before testing resulted in a 36-percent decrease in tensile
strength and a 3l-percent decrease in yleld strength. The differ-
ence between a short-time and 24-hour hold at 1000 F was a 17-
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SFECIMENS SHOWING REGIONS AT WHICH FRACTURE INITIATED
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percent decrease in tensile strength, an 1l8-percent decrease in
yleld strength, and a decrease in base metal hardness of three
points Rockwell c¢ hardness.

Although 1000 F 1s below the tempering temperature of 1050 F
for this steel, long time exposure results in a strength reduction.
All of the specimens fractured in the weld metal with the exception
of one base metal and two heat-affected zone fractures.

Bulge Tests

Sheet-bulge specimens of steels No. 1, 2, and 6 were welded
by the A2X welding condition, hardened, and double tempered. Two
specimens were made for each steel; however, a repair weld required
for one of the specimens of steel No. 1 could not be made without
changing the weld parameters under investigation. It was therefore
decided not to test this specimen, since a change in welding
parameters would not permit a comparison of the results of all
test specimens.

Results of the tests are given in Table 30, Specimens No. 1
and 2 of H-11 steel No. 2 withstood a maximum pressure of 6200 and
6000 psi, respectively, without fracturing. When it was found
that only a dynamic pressure (from dropping the weight) of about
4500 psi could be achieved by the test device, an initial static
pressure was applied prinr to dropping the weight. Specimens 3
and 4 failed, however, during the application of the static
pressure at 1800 and 1400 psi, respectively. Specimen 5 failed
upon the application of 2000 psi static, plus 1300 psi dynamic
pressure., The variation of dynamic pressure with time is shown
for the sixth cycle of bulge specimen No. 2 in Figure 28. (The
drawing was traced from the actual oscilloscope photograph).

The initial increase in pressure from 1500 to 5500 psi occurred
within 310 microseconds at a rate of 12.7 psi per microsecond,
The initial surge was followed by a maxim.m peak (at 6000 psi)
occurring within 1000 microseconds. The other pressure-time
curves were similar,

Bulge-test specimens 3 and 4 are shown in Figures 29a and
29b, respectively. The fractures of specimens No. 3, 4, and 5
all initiated in the weld metal., In vessels No. 4 and 5 the
crack traveled transverse to the weld direction; in specimen
No. 3 the crack traveled along the weld for a short distance and
then bifurcated (branched).

In those specimens that failed, the source was attributed to
porosity in the weld deposit. This porosity was small enough to
escape detection by two percent sensitivity radiographic standards.
The fracture sources are shown for bulge specimens 3 and 5 in
Figures 30a and 30b, respectively. Very small porosity defects
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24X R3177¢

. a) Specimen No. 3
Symbol "S" Indicates Source of Fracture Initiation

« 35X R3176

b) Specimen No. 4
Source of Fracture Initiation is at Interseation of
Crack with Weld Center Line

FIGURE 29. FRACTURED BULGE-TEST SPECIMENS
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Sebi Etchant: lone R3163
a) Bulye-Test 3peclimen 3

SebX ktchants None R3184

b) Bulge-Test Specimen 5

FIGURE 30. FRACTURY FACES OF BULGE-TEST SPECIMENS SHOWING
POROGITY AS SOURCE OF FRACTURE INITIATION
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werc seen at the source although the fracture markings mask the
porosity to some extent in the photographs.

It is not known whether the superior performance of the
speclmens from steel No. 2 can be attributed to better ductility
and strength propertles or to the fact that the weld did not con-
tain any porosity.

The maximum stress produced in specimen No. 1 and 2 was less
than 319,000 and 388,000 psi, respectively. These stress values
were calculated from the depth of bulge remaining in the specimen
after the load was removed. The maximum deflection of the unfailed
specimen under the loading pressure was greater than the measured
deflection under no load, hence the actual stress was less than
319,000 psi and 388,000 psi. Nevertheless, the stress must have
been of a high magnitude. Sample calculations are given in the
Aprendix. It should be noted that the weld-joints 1n these two
specimens withstood considerable plastic deformation, yet did not
fail. The other three bulge specimens fractured into several
prleces, thus making it impossible to get an accurate measurement
of bulge depth.

Strain at fracture was not recorded for some specimens because
the strain gages separated from the specilmen upon dynamic loading.
Fracture stress can be computed from strain for specimens 4 and
5, for which strain was recorded. At the static failure pressure
of 1400 psi, the maximum stress for specimen 4 was 157,400 psi. For
specimen 5 the stress at the initial static load of 2000 psl was
234,000 psi. Sample calculations of the determinations of stress
from membrane strain are given in the Appendix.

Pressure Vessel Tests

Results

The results of the dynamic and static pressure-vessel tests
are given in Table 31. Pressure vessel No. 1 was tested repeatedly
in an attempt to develop sufficient pressure in the drop-weight
test to fracture the vessels, The structure supporting the
vessel during dynamic testing was initially constructed of solid
wooden blocks, which did not furnish sufficlent support. When
replaced with a welded steel structure the system was more rigid
permitting a high enough pressure tc fracture the vessel,
Unfortunately, failure-pressure was not recorded for some of the
tests because of a malfunctioning of the pressure-time recording
oscilloscope.

Circumferentlal stralns were measured on the weld and on the

base metal 90 degrees from the weld. The strains would be expected
to be the same since the yleld strength of neither weld nor base
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metal was reached and the elasticity of both is essentially the
same. The welding of the vessel, however, produced an out-of-round
region in the vessel. The internal pressure developed bending
stresses about the weld as the vessel became round, which accounts
for the discrepancy between the two strain values. The longitu-
dinal weld of vessel No. 3 was initially flat; the bending moment
increased the curvature and thereby the tensile strain. The
other vessels initially had a peaked configuration at the weld
Joint which required bending moments to decrease the curvature

to obtain roundness. This type of moment decreased the tensile
strain below that in the round base-metal body.

The greatest strain-rate of eight inches per inch per second
was achieved with vessel No. 1.

The fractured vessels are shown in Figure 31. The fractures
of the dynamically loaded vessels No. 1 and 2 did not bifurcate
as in the static tests, The main crack in both static vessédls
bifurcated symmetrically into two cracks 30 degrees to either
side of the longitudinal direction (except in the heads of the
the vessel). The crack initiated in the circumferential head-weld
of vessel No. 1 and propagated in a straight line longitudinally
through the base metal. The crack which originated in the weld
metal of vessel No. 2 propagated in the weld toward the head for
2-1/2 inches and then moved laterally 1/8 inch into the heat-affected
zone., A secondary source of fracture initiation located in
Figure 31 caused this transition,

In the statically tested vessel No. 3 the crack initiated in
the circumferential head-weld, propagated both along the circum-
ferential weld and in a longitudinal direction through the base
metal for about 1-1/2 inches, then moved laterally 1/4 inch
to the weld to continue 1ts propagation through the weld metal.
The main crack initiated in the weld metal of pressure vessel
No. 4 and bifurcated after it had traveled 2-1/2 inches from the
source in both directions. Surprisingly, a large length of the
fracture face to the right of the fracture initiation source of
vessel No. 4 was about a 90 percent shear fracture.

Cracks propagated along the longitudinal welds of vessels
No. 2, 3, and 4, In vessels No. 2 and .3, a special characteristic
of the fracture was observed when the fracture propagated through
regions in which the weld was repaired. The center of the fracture-
face was flat and of a granular texture; no chevrons or other
fracture markings were present. The chevrons emanated from this
flat central region until they intersected the shear lip at the
edges of the fracture face, probably the result of almost
instantaneous fracture propagation through the repair-weld metal,
This type of fracture was not observed in the longitudinal weld
of vessel No. 4 in which no repair-welds were made in the
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FRE3SURY VESSELS FRACTURES BY DYNAMIC AND JTATIC
TE3TS (Vesscis 1, 2, 3, and 4 snown in that crder,
top to bottor)(P3 and 5SS stand for primary and
secondar; fracture sourccs, respectively)

FIGURE ;1.
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longitudinal weld. The longitudinal weld of vessel No. 1 was
repair-welded, although failure initlated in the girth-weld in
which no repair-welds were made and propagated through the base
metal about 90 degrees radially away from the longitudinal weld.
The only vessel in which a fallure initiated at the location of a
weld-repair was vessel No. 2.

The values of the plastic properties n and K of the plastic
strain-stress equation o = K€ were measured from the stress-strain
curves for unwelded base-metal specimens., These 0.090-inch thick
specimens were hardened and tempered with the pressure vessels to
provide an indication of the base-metal properties of the pressure
vessel., These properties will include any effects from the very
s8light decarburization encountered. The tensile properties are
for the longitudinal direction since the direction of the hoop
stress in the pressure vessel is also in the direction of rolling.
These values are given in Table 32,

TABLE 32. LONGITUDINAL TENSILE PROPERTIES FOR BASE-METAL
SHEET SPECIMENS OF STEEL NO. 2 HARDENED AND
TEMPERED WITH THE PRESSURE VESSELS

Specimen No. Yield Tensile Average Plastic

and Strength, Strength, % Elongation, Hardness, Parameters?’
Vessel No. psi psi in. Re n K

1 (pv-1 222,000 269,000 5.0 50.5 0.457 196,400

2 (PV-2 224,000 274,000 5.0 50.5 0.368 203,700

3 (Pv-4 211,000 254,000 5.0 ———— 0.480 152,%
Average 0.435 R

Analysis of the Failures

There are two ways in which the pressure vessels might have
failed: one is a ductile failure in which the vessel was strained
in the plastic range until fallure occurred; the other 1s one in
which a crack may have initiated (often at a metallurgical defect)
and propagated without gross plastic strain, Both methods of
fallure may be analyzed to some extent by theoretical considerations.

Fallure from Plastic Flow - The simplified design equation for
determining the bursting pressure of a thin-walled vessel
considering plastic flow is 2;

F - 23)"CF) - (A, (1)

T These values are different from those given in the literature
for steels, probably because the strains were low and the
parabolic plastic stress-strain relation is not applicable
for either very small or very large strains.

2. Reference 7.
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where P = bursting pressure
n = strain hardening coefficient

0u = nominal ultimate tensile strength
T = initial thickness
R = initial radius

The unwelded tensile specimens of H-11 steel No. 2 which were heat
treated with the pressure vessel No. 1 had an average ultimate
strength of 269,000 psi, a yield strength of 222,000 psi, and a
strain hardening coefficient of 0.457 in the longitudinal direc-
tion. For the vessel No. 1

T = 0,097 in, and R = 3,107 1in.
T - 2 . 262,000’0.02102
3‘60258’ [ ]

P = ,887(8230) = 7300 psi

The failure pressure (at ylelding) from the classic pressure-
stress equation 1is:

hence,

vy (2)

whereoy = the nominal yield strength

y 222.(3)00!0.02! = 6430 psi

The simplified design equation for determining failure
strain, considering plastic flow, predicts th&t the circumferential
strain at maximum pressure at failure will be

n

- ' . -1

T = (e%-1) ¢ (1) (3)
¥ = circumferential strain at maximum pressure

€' = tensile necking strain

e = base of the natural logarithm

1 Referemnce 7.
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The unwelded tensile specimens processed with the pressure vessel
had an average strain at the beginning of necking in the tensile
test of €' = .02 in/in, hence

0.218 =1
Ta=.02(e 2 1) . (e 0¥35.)

€ = (.02) —%‘% = 0.0089 in/in

The circumferential strain, € , as a function of stresses within
the elastic range of the material 1

¢ =F O, - woy) (4)

where E = the elastlic modulus

u = Poisson's ratio
O = circumferential hoop stress
O, = tangential stress

at ylelding of the material o
or 111,000 psi. Hence,

¢ = [222,000 - .29(111,000)] /29.5 x 106
€ = 00646 in/in at yielding

o ™ 222,000 psi and o, = 222,000/2

This strain was exceeded only for pressure vessel No. 1. Further-
more, pressure vessel No. 1 attained the theoretical fallure strain
of .0089 in/in predicted by plastic fiilure; therefore, the failure
pressure was in the order of 7950 psi-,

The stress in the pressure vessels was determined both from
pressure measurements using equation 2 and from straln measurements
using equation 4. The 10 to 20 percent discrepancy in stress
values was attributed to local deviation from roundness of the
vegiel at the weld., The analysis of results is presented in
Table 33.

Previous studies have shown that subscale chambers (pressure
vessels) of Vascojet 1000 failed in hydrotest at one-half the
yield strength when heat treated to 230,000 psi yield strength2,

T The actual fallure pressure of this vessel was not recorded
because the oscllloscope failed to function properly.
2 Reference 8.
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This strength range approximates that of the vessels tested in
this program. It was not reported whether the chambers contalned
a longltudinal weld or just a girth weld. In either event, vcssels
No. 1, 2, and 3 failed at nominal fracture stress values exceeding
one-half the yield strength. The high fracture stress recorded
for vessel No. 1 demonstrated that high performance welded vessels
may be fabricatedj; however, the program also demonstrated that
metallurgical discontinuities have a profound Influence on the
fracture stress when these steels are hcat treated in the 211,000
to 224,000 psi yield strength and 254,000 to 274,000 tensile
strength ranges.

A recent 1nvestigationl of small-scale pressure veosels of
H-11 hot-worit tool steels contalning longitudinal welds rcvealed
that of the vessels (containing no metallurgical defects) which
were tempered to a tensile strength above 260,000 psi, five
vessels had a circumferential stress at bursting equal to or
greater than thelr tenslle strength, while five vessels failed
below the tensile strength. Three vessels falled at 130,000-150,000
psl levels. On the other hand, when the vessels were tempered at
tenslle strength levels between 230,000 and 260,000 psi the
incidence of low strength failures (222,000 psi minimum) was
greatly reduced.

Fallure from Cracl Propagation - The stress required to propagate a
crack varies as the square-root of the reciprocal of the crack length.
It is also dependent upon the inherent toughness of the material,

its elastic properties, the geometry of the specimen, the environ-
ment, and rate of loading.

A close approximation to the crack-propagation stress can be
made by the use of the center-notch tension test. In this test,
a sheet tensile-specimen containing an internal crack is loaded
until the crack propagates rapidly and fractures the specimen. Beth
the crack length and the stress at the moment of rapid propagation
are recorded to determine the strain-energy reclease rate term, G

»
in the following equation, ¢
EG
o = G tan T e + —5) 5

w
2 dy

where ¢ = one-half the crack length at the onset of rapid
crack propagation
E = Young's modulus
¢ = the fracture stress normal to the crack at the onset
of rapid propagation

Reference 9
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cy = the yleld strength of the material under test
w = the width of the sheet tensille specimen

The central crack in the tenslon specimen may be introduced
by various techniques, such as the hydrogen embrittlement technique
developed by Srawley and Beacheml, or the method used by Kies
where an internal notch of 0.001-inch radius is machined into the
specimen by the "Elox" electrostatic machining process.

To date, G, values have been used to compare the notch
sensitivities of various materials, but it is also desirable to
use G, values for design purposes; for example, as yleld strength
is used for design purposes. Consider the use of G¢ values for
design purposes. Consider the use of G, values for the design of
pressure vessels. The G, value for the pressure vessel materlal
may be obtained from equation 5 by the use of center-notch
tensile specimens of thicknesses and under condltions of tempera-
ture and strain rate approximating those which would be encountered
by the pressure vessel. Knowing the G, value, the yield strength
oy, the elastic modulus, and the maximum stress in the pressure
vgssel as a result of the maximum pressure (or the working stress),
the limit crack length 2¢ at which rapid propagation will occur
can be calculated.

A large internally pressurized vessel may be treated for
purposes of stress analysis as though it were under an infinite 2
stress field. For this case the equivalent form of equation 5 is™:

702 012(20)

G (6)
¢ E(2°y2-02)
Solving for 2c: 20 2 )
2_q2 s o ( -1
EG. (20.°-0°) Ea _a'g"
2c = I 4 < (7)

T o® %;? B ]rbyz

The value of 2c¢ is the critical crack length3 at the onsget
of rapid crack propagation under the applied maximum stress o. It
was often assumed that, as long as the vessel did not contain
cracks of initial length greater than this value, the catastrophic
fracture would not occur. It was found, however, that although

I'Reference 10
2 Reference 11. See Appendix for derivation of Equation 6.
3 ¢ is one-half the crack length by division.
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cracks might be initially smaller than the critical crack length,
they would often grow slowly until they reached the critical
length, then the; would propagate rapidly to cause catastrophic
fallure.

The extent to which an initial crack of length c¢g will grow
slowly in a pressure vessel must be determined. For example, if
it were known that initial cracks could grow only to a limit of
60 percent of their original length, then the critical crack
half-length, c, at propagation could be replaced by the value
1,6 co. All cracks of initial half-length co greater than g_s
could be detected in a structure by nondestructive testing ~°
and removed. In a general sense, ¢ = m Cy, Where m is a constant
designating the extent of slow-crack growth anticipated. The term
m co can be substituted for ¢ in equation 7.

In equation 7 the working stress o was known and the maximum
crack length c, or more realistically m ¢y, which could be toler-
ated was determined. However, it is often the case that the
maximum initial crack length which cannot be avolded will be known,
then the safe working stress o can be determined by solving equation
7 for the working stress.

2_2y13 |
E G (20 "= 20 EG
o.[ °(12)]2 or 0 Jec (8)
2fm ¢, Oy 27m Cq Uy + E G,

This latter procedure is likaly to be used more frequently than
the former.

If one were to ignore the condition of slow-crack growth, m
would be equal to one in equation §, which would result in a high
allowable working stress. If slow-crack growth is considered, n
would be greater than one, vhich would give a lower stress from
the above equation; therefore, slow crack growth cannot be ignored.

For ienter-notch tensile specimens, the Naval Research
Laboratory- has found the value of m to vary between 1.07 and 2,1
with an average value m = 1,6, for several different materials
over a range of Ge¢ values. For the present, the average value of

1.6 ¢, has been sgbstituted for ¢ in equation 8 for pressure
vessels, However, siow-crack extension data has not been obtained
for pressure vessels and it is not known whether slow-crack-~
extension data from tensile specimens can be used for pressure
vessels.

IiReference 11.
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Only pressure vessel No. 1 was stressed beyond its yield
strength; the others failed below the yield strength. All vessels
showed evidence of failure by propagation of a crack. From the
observation of the fracture face, the source of fracture initiation
was determined since the chevron-like fracture markings pointed
toward the source. An estimate was made of the critical crack
length at the onset of rapid crack propagation. This approximate
critical crack length, 2c, the average yield stress of 223,000 psi
of the weldments of H-11 steel No. 2, and the failure stress ¢ in
the weld of the vessel, were used in equation 5 to obtain an
approximate strain-energy release-rate value G, for the weldments.
The G, values presented in Table 33, ranging from 156 to 336 in-1b
per square inch, agrees fairly well with reported values of 240 to 284
pounds per inch for .080"-thick unwelded Vascojet 1000 steel having
a nominal yield strength of 239,000 psil. It is misleading to
compare G, values of steels of different thickness slnce Ge values
vary with thiciness,

GENERAL DISCUSSION

The investigation to determine the cracking susceptibility
of the weld metals showed that both low and high temperature
cracking could occur in platve specimens under high (maximum
Lehigh) restraint. Cracking was not observed in the non-restrained
butt-weld plate weldments from which the mechanical specimens were
taken. Preheats as low as 400 F were used for these tests. For
higher amounts of restraint, the preheat temperature should be
increased to reduce the cooling rate and prevent an acicular
microstructure upon the formation of martensite after welding.

Sheet specimens were welded by the manual TIG process as
readlily as by the automatic TIG process. Mechanical properties
of weldments prepared by the manual process were comparable to
those prepared by the automatic process.

The welding of plate with the TIG process resulted in several
unusual effects. Those weldments from which the tensile specimens
were to be taken contalned lack of penetration even though the
energy-input of the TIG process was higher than that of the MIG
process. Voltage and amperage were lower for the TIG process but
the slower travel speed of the TIG process resulted in a higher
energy. The Charpy impact specimens did not show any lack of
fusionj but upon testing, a narrow region of unusual appearance
(shown in Figure 26) was observed in the center of the fracture
face in the region of maximum tensile-bending-stress. The narrow
region was the fusion line which acted as a metallurgical notch
resulting in low fracture-energy values,

1 Reference &

106



Various cleaning procedures were evaluated early in the pro-
gram for steel No. 3 using radiography of a two percent penetrameter
sensitivity to determine the presence of porositv. This level of
sensitivity was not adequate to locate porosity which initiated
fractures of the plate tensile specimens of steel No. 3. Subse-
quently, for the other steels, weld wire was cleaned by a power-
wire brush process and the arc voltage was maintained within a
very narrow range which prevented aspiration of alr into the weld.
Variation of the voltage was accompanied by variation of the amper-
age to maintain the prescribed energy input. These procedures
reduced the incidence of porosity by about 50 percent in weldments
of the other steels which were inspected by radiography of one
percent penetrameter sensitivity. Very fine porosity was found
occasionally in the fracture faces (not having been detected by
the one percent radiography sensitivity), but it usually did not
appear to have contributed to the initiation of the fracture.

Large lamallar inclusions were sometimes found (lying in the
plane of the plate) in these steels. It did not appear that these
inclusions contributed to failure; however, they caused a tem-
porary diversion of the direction of a propagating crack.

Microstructure studies of weldments before hardening and
tempering revealed that certain welding conditions produced ques-
tionable microstructures; however, the objectional features of
these microstructures generally disappeared upon hardening and
tempering. It was found, for example, that when a weld was not
allowed to cool to form martensite but was heated from the preheat
temperature to the postheat temperature of 1350 F and held for two
hours, the austenite was not held isothermally a sufficient time to
produce high temperature transformation products., As a result, large
regions of as-quenched martensite were formed upon air cooling.
This process is commonly used in industry but it is bellieved not
to be a safe stress-relief process.

Subsequently, a process (CUX) was used in which the weld was
postheated at 1350 F for four hours rather than two hours to
transform all the austerite, The longer isothermal hold, however,
resulted in segregated regions of higher carbon concentration and
slight chain-like carbide precipitation.

Carbide segregation and precipitation occurs in these steels
if they are held isothermally or are cooled very slowly in the
temperature region of the nose of the isothermal transformation
diagram. Most of the chain-like precipitation was light and
disappeared upon hardening and tempering; however, such precipi-
tates would weaken structures in the as-welded condition. Postheat
condition 3, which utilized a slow cool from 1700 F to 1350 F,
produced grain-boundary precipitates which disappeared upon
hardening and tempering and did not cause a reduction in mechanical
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properties after the hardening heat treatments. Nevertheless, the
use of a heat treatment producing a carbide network involves some
risk.

Several new mechanical-property tests which have not been
often used to date were used in this program. The transverse-
notch longitudinal-weld test indicated that most fallures initiated
in the weld or HAZ region rather than in the base metal, as well
as providing notched to un-notched strength ratios. The A2 and
B2 welding conditions had a higher incidence of base metal
initiations than the other conditions. Notches of .005-inch radius
did not appreciably reduce the strength of many of the specimens.,
The notch teéensile test was found to reveal an abnormal condition
more readily than the un-notched test.

The V-notch Charpy test provided very low impact values which
did not vary appreciably over a range of temperatures, When a
1/2-inch radius was used, however, the energy values had a more
meaningful range and considerable scatter with temperature, Any
metallurgical defects in the weld are quickly revealed since the
notch-effects of the defects are not overshadowed by a sharp V-notch.
The large-radius Charpy test appears to be quite favorable for
weldability studies of tool steels.

Longitudinal-weld bend tests are not new; however, it is
significant that when the specimen surfaces are gound, different
plastic flow patterns of the weld, HAZ, and base metal can be
observed which reveal the heterogeneous plastic flow charac¥eristics
of the weldment., Such patterns merit further study since the
attainment of a uniform flow pattern across the weldment would
indicate an ideally homogeneous weldment,

The sheet impulse-bulge test permitted the evaluation of a
sheet weldment under a sudden impulse-load on a relatively inexpensive
specimen as compared with a pressure vessel. The maximum principal
stresses (in the center of the vessel) are equal in all directions
and provide a comparison with the 2:1 ratio of principal stresses
of the pressure vessel,

The dynamic testing of pressure vessels provides data on the
effects of high loading rates on actual vessels which are not
generally available., The dynamically-tested vessels were the
stronger. The fracture of vessels No. 1 (dynamic) and No. 3
(static) both initiated in a girth (cylinder to head) weld and
the sources were similar in appearance. The statically-loaded
vessel failed at 4800 psi while the dynamically-loaded vessel
failed at a much higher pressure (estimated to be about 7950 psi).
Similarly, the fractures of vessels No. 2 (dynamic) and No. 4
(static) were similar, initiating in the longitudinal weld (possibly
from porosity); however, the failure pressure of the static vessel

110



was 3300 psi as compared with 5500 psi for the dynamically loaded
vessel., It is postulated that, in the statically loaded

vessels, fracture-initiating cracks were able to grow as the load
was slowly increased. Since fracture stress is inversely propor-
tional to the square root of the crack length, the strength of the
vessel was reduced by the slow-crack growth. For the dynamic
tests, the load increased so rapidly that no crack growth could
occur before the stress reached the (higher) critical stress
corresponding to the shorter crack length.

Weld repairs were made on the pressure vessels and bulge
specimens. Cracks appeared to propagate more rapidiy through the
repaired regions of the weld, than through the unrepaired weld
metal. However, failure initiated at a repair weld in only one
pressure vessel. The effects on mechanical properties of repair-
ing welds of these steels should be investigated further.

The statistically designed investigation for steel No. 3
was considered necessary to determine effects of welding parameters
on properties after hardening and tempering. The statistical
experiment suffers the disadvantage that data for each condition
must be obtained in order to perform a complete analysis. If, for
some reason, several specimens do not provide valid data, then
the statistical analysis becomes impossible . Nevertheless, a
maximum of information is provided for a given number of tests
with a measurable degree of accuracy by this method. Furthermore,
it is the only means of determining the effects of interactions
of one variable upon another which was proven to be important in
this study. The interaction between preheat and energy input is
quite strong. Effects of weld conditions on mechanical properties
were discerned. A low preheat and energy input increased
properties, possibly by limiting the extent of the heat-affected
zone; however, the effects were quite small and for all practical
purposes, insignificant. The hardening and tempering operations
appeared to wipe out the effects of welding conditions. Far more
critical was the tempering temperature. The hardness (and strength)
for these steels is quite sensitive to small changes in tempering
temperature.

The six steels can be compared (provided the limitations of
using a common tempering temperature are kept in mind) by reference
to Table 34 in which the average values of mechanical properties
for the six steels are presented. The H-1ll steel No. 3 as well
as H-13 steel No. 6, suffered the least loss of properties from
welding. The tempering of steel No. 6 at 1050 F resulted in good
ductility and notch strength. The H-13 steel No. 5 would have been
improved by tempering at a higher temperature, while steel No. 1
had low weld elongation. Steel No. 1 was found to be the most
susceptible to the formation of weld porosity, and since weld
porosity was found to reduce elongation, porosity may have been
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the cause of the observed lower weld-elongation values. The high
notch-strength of thils steel perhaps reflects its potential
toughness in the absence of porosity.

Since base metal properties of sheet and plate would be
expected to be identical (having been obtained from the same heat
treatment), base metal properties of plate were not determined.
The tensile strengths of plate weldments of steels No., 2 and 6
equal those of the sheet base metal while yield strengths of all
plate weldments are higher than those of sheet base metal. They
were obtained by the deflectometer rather than an extensometer;
however, they should be accurate considering the refinements from
the equivalent-gage-length method used for these specimens,

Table 35 presents a summary of the mechanical properties of
H-11 steel No. 2 as determined from tensile, bend, bulge, and
pressure-vessel tests. Bend elongation (of the outer-fiber) is
higher than tensile elongation, as is the usual case, The
elongations (22%) at failure of the bulge specimens were larger
than those of the pressure vessels (8-15%) which were in turn
larger than those of the transverse weld tensile specimens (5.0%),
and unwelded base-metal tensile-specimens (5.5%). It is not known
why the elongations of the blaxially loaded bulge specimens whould
be so high unless bending stresses are greater than membrane
tensile stresses. This is unlikely (especially in the center of
the specimen).

Transverse-veld strengths of weldments of H-1ll steel No. 2
vere reduced in the order of 20 percent by a short-time heating
to 1000 F, and by 34 percent as a result of a hold at 1000 F for
24 hours prior to testing. No decrease in strength was observed
at 800 F, however. A comparison of hardness values before and
after testing indicates that secondary hardening occurred at 800 F
vnile a 24-hour hold at 1000 F decreased the hardness.

SUMMARY AND CONCLUSIONS

1., Statistical analysis of variance study by an electronic
computer revealed that the preheat, postheat, and energy
input do not appreciably influence the mechanical properties
of modified H-11, H-12, and H-13 steels after hardening and
tempering treatments.

2. The mechanical properties and welding characteristics of the
8ix hot-work tool steels investigated were not identical.
Even the two H-1l steels had different tempering character-
istics, as did the two H-1l3 steels.

3. It is evident that the 1050 F tempering temperature for H-13
steel No. 6 resulted in weldment-elongation nearly equal to
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5.

6.

8.

that of the base metal and a notch strength in the order of
base metal strength., However, this same 1050 F tempering
temperature did not give such good properties for all weld-
ments, For example, the weld elongation of H-13 steel No. 5
was 66 percent below that of the base metal and the notch
strength was only 77 percent of the tenslile strength of the
base metal, It might be concluded that weld elongation and
notch sensitivity of the other steels could be made to approach
that of unwelded base metal by tempering at temperatures
8lightly higher than 1050 F. However, the strength would be
reduced by the higher tempering temperature.

The strength properties of the welded sheet steels were within
14 percent of the base material for the heat treatment used,
while the elongation of the welded specimens ranged between

25 and 66 percent of the unwelded sheet. The greatest differ-
ence between welded and unwelded properties was shown for the
modified H-13, steel No. 5, probably because it contained 0.50
percent carbon, 0.10 percent higher than the other steels,

Most of the mechanical-test failures initiated in the weld
metal even though no metallurgical welding defects were present.
Hardening and tempering did not eliminate the columnar pattern
of the weld microstructure.

Certain welding conditions caused the formation of micro-
structures such as untempered martensite and carbide networks;
these might contribute to low mechanical properties if the
welds were not subsequently hardened and tempered, as is the
case for many final closure-welds and large-structural welds.

The 1/2-inch radius of the impact specimens was not acute
enough to cause stress concentration. Any notch effects
present stemmed from metallurgical weld defects. The
impact-energy transition temperature range was -90 F to

-190 F for weld metal and -130 F to -230 F for base metal of
plate weldments; in considering these temperatures it must

be realized that a very generous radius was used. This large
radius, Charpy-impact-test specimen appeared to be more
sultable than the standard V-notch test for comparing the
toughness of ultra-high strength steels and weld metals,

Bend deformation patterns in the weld and metallographlc
micro-examination illustrated the existence of heterogeneity
between base and weld metal after hardening and tempering.

The high-strength pressure vessel, tested dynamically, failed

in the base metal at 90 degrees from the weld. Dynamically
tested vessels were of higher strength than the statically
tested vessels, The two pressure vessels tested at strain rates
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10.

11,

12,

13.

i4,

15.

1.

in the order of five to eight inches per inch per second were
a minimum of 8.8 percent and a maximum of 57.5 percent stronger
than the two vessels tested statically.

Modified H-11l steel No. 2 maintalilned transverse tensile weld
strength of 205,000 psi to 800 F but decreased to 190,000 psi
at 1000 F; a further decrease in strength to 156,000 psi at
1000 F was noted after holding at 1000 F for 24 hours.

Lehigh restraint test studies indicated that both hot and cold
cracking can occur, with the occurrence of the latter more
likely. Low temperature cracking can be prevented by
increasing the preheat for most of the steels studied in this
program.

Small defects which were not detected by the two percent
penetrameter radiographic sensltivity were the source of
fracture initiation in weldments of these steels. Very high
radiographic standards should be used for the inspection of
welds in these steels.

Weld metal porosity was the most commonly encountered
metallurgical defect for the consumable-electrode welding
process. It was found that arc-voltage must be maintained
within a narrow tolerance to prevent porosity in the weld
metal. Steel No. 1 was more susceptible than the others to
the formation of porosity in the weld metal. Porosity in the
welds reduced tenslle and bend-elongation values but did not
affect the yield or ultimate tenslle strength appreciably.

Tensile properties of weldments prepared by the TIG-manual
process were comparable with those prepared by the TIG-automatic
process, However, the bend properties of the TIG-manual welds
were better than those pre-ared with the TIG-automatic process.

Impact properties of TIG plate-weldments were erratic. Sat-
isfactory tensile data were not obtained for the TIG plate-
weldments because lack of penetration was encountered.

RECOMIIENDATIONS

The effects of various repair welding techniques on mechanical
properties should be investigated for these steels.

The effects of welding conditions on the mechanical properties
of as-welded (unhardened and tempered) weldments would be
pronounced and should be studied.

The advantages of using vacuum-melted steels and filler metals
should be investigated.
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11,

A hardening and tempering study should be conducted for the
six steels to determine optimum heat treatment.

Various external methods such as vibrations should be con-
sidered as a method of eliminating the columnar weld structures
that exist even after hardening and tempering.

Homogenizing treatments should also be considered as a method
of reducing chemical segregation in the weld deposit.

The influence of cooling rates on solidification, which in
turn effect the dendritic spacing and microsegregation of weld
deposits, should be studied.
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DETERMINATION OF WELD COOLING RATES

The equation for the cooling rate at thi center of a weld
for two-dimensional heat flow is as follows

Where: T

T
To

\)
K

P
Cp
t

2
RV =2Trc, () (r-1,)° (9)

steady temperature in the solld at a point on the
center line

initial (preheat) temperature of plate

velocity of the source

thermal conductivity of plate

density of plate

specific heat of plate

rate of heat flow from source

plate thickness

the following values for the restraint tests performed
in this program we may obtain the cooling rate at 1000 F for a
400 F preheat.

1000 F
400 F

.2 3x1g65ﬁc BTU-ino_
in"-sec-"F
.28 1b/1in3
.16 BIU
lb-F
1/2 in

Welding Volts v = 29
Welding Amp a = 355
q = v a joules/sec

q = 29(355) = 9.77 BTU/sec

1052

K V=2m3.8x 1074 (.28)(.16)(2233(:5))2 (1000-400)3

9.77

g?l V= (1.12 X 107%)(2.42 X 107%)(216 x 10°)

daT
ax V=383 g2 sec

O

'y

Reference 12.

120



CALCULATION OF BEND ELONGATION

The percent elongation of the_outer tensile fiber of a bend
speccimen is given by the equationl:

t

e = syt (100) (10)

where; t = specimen thickness
r = minimum inside bend radius of specimen at fracture

For the .0749-inch thick specimen of Weldment No. 42 which
had a minimum bend radius of .5 inch, the percent elongation is:

_ (.07h

.

e 5) (100) = 7 percent

CALCULATION OF EQUIVALENT LENGTH FOR HIGH
TEMPERATURE TENSILE SPECIMENS

Symbol Notation

1l Length of the portion of tensile specimen having width
W, = .5 inch,
1

Length of the portion of tensile specimen having wldth
w2 = ,75 inch extending beyond top grip.

Length of the portion of tensile specimen having width
w3 = .75 inch extending beyond bottom grip.

lu Length of the portion of tensile specimen in region vhere
width reduces from .75 to .5 inch having an equivalent
constant width of Wy

Elongation, in.

Unit latcral strain, in/in
Stress, 1bs/in2

Crross sectional area, in2
Thickness, in,

Load, lbs

Young's Modulus, psi

Siroct >0 Mm@

Total elongation is equal to the sum of the component elonga-
tions. Total strain,

TRererence 13, p.l0O4-105
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eT = e, + e2 + e. + 2e4

3
€11y +Cp2y + C315 4 250,

eT=
S P
e—-EOP€=m—-

P and E are the same for every value of €, hence

1="KRE 2 TEE St
1 2
Substituting in the equation for ep above
1 1 1 21

l+ 2+ + 4
P
w-f BRTETR)
1 1 1 21
1l + "2 + + 4
P (i ¥ —5- —-@- —
e'r"'rl'r'E(‘"l1 Wata W3tz Wy 4)

However, the thickness t is constant for the entire length of the
specimen, hence
€ P 11+12+h+214)

= = = (11)

T EI;E' Wy Wy W3 Wy,

Assume a2 uniform specimen of the same thickness and of width w;

(wy = .5 in.), having an equivalent length lo, 80 that the elonga-

tion, ey, for the uniform specimen is the saﬁg as ep for the actual
test specimen; €, = ©ep.

For one of the specimens (l2 and 13 varied for different specimens)

1l = 2.25" Wy = 0.50"
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1, = 1.06" Wy = 0,75"

13 = 1.24" Wy = 0.75"

1, = 0.45" w, = 0.62"
1p = 5.45

2.25 + 1.06 + 1.24 + 2 (2% )
o.50 (§:83 * 3:98 * §:54 + @ oieB)

1l
1 0.50 (4.5 + 1.41 + 1.65 + 1.45)
1 4.5" (gage length)

Although the total length of the variable width specimen between
grips was 5.45 inches, its strain behavior was the same as a speci-
men of a constant width of .5 inch of length 4.5 inches.

CALCULATION OF THE BULGE SPECIMEN STRESS FROM MAXIMUM DELFECTION

The maximum membrane stress is given as a function of the
maximum deflection for a clumped circular membrane from the
equationl:

PR®
O = FEw (12)
where the pressure, psi
the thickness, in.
the radius of the membrane, in.
the maximum deflection, in.

P
t
R
w
0 = the maximum stress, psi

Since maximum deflection was not measured during the test,
only the no load plastic deflectlion remaining after the test could
be measured. This deflection, after spring-back, was 0.81 inch,

hence
2
0= 6?°° “. = 319,000 psi

From geometric congiderations stress can be determined from
strain by the equation2:

1 Reference 13, p. 138-139
2 Reference 13, p. 138-139

123



1
=28 or o = (a4¢)” 7 (B} (13)

The principal strains are equal at any point on a circular
membrane, For bulge specimen 5 the maximum strain e = ,0053 at
2000 psi,.

0 = — % (2000)4
eatoosyy %

¢ = 234,000 psi

CALCULATION OF STRAIN EMERGY RELEASE RATE EQUATIONS

The derivations of equations 5 and 6 are as follows.,

The original equation for crack propagation in brittle_frac-
ture in an infinite stress field as derived by Griffith 1sl;

g2 -%Zorz =7L-g—2—°- \ (14)

Irwin replaced the surface tension term r’with the term Ge
to include both surface tension and local plastic flow at the crack
faces, The Griffith equation then becomes:

EG, =T o2 (15)

which is applicable to very wide tensile specimens and pressure
vessels which can be considered as having an infinite stress fleld.

For center-notch specimens of finite width, Irwin developed
a correction factor for equation (15) as follows:

EG, = o2 tan IE (16)

Irwin attempted to separate the influence upon the G, term of
local stress relaxation due to crack extension as distinguished
from plastic strain at the crack front by substituting the factor
(¢ + Ac) for the crack length ¢ in the previous equations.

It was deduced that:

1 Symbol notation given on page 125
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(17)

where 0y 1s the yield strength and p is a numerical factor
assumed to be 1.

Equations 16 for the center-notch tensile specimens and 15
for the pressure vessel become, upon substitution of (¢ + Ac)
for c:

B 2 T E G,
Equations (1v) E G, = o “w tan 4 (c + -————29 (18)
2chy
Equation (15) E G, = 77 02 (c +Ac)
2
EG, ©
EG, =T % + —&—x
2 ¢
o Yy
o 2
EGC (1-5——-0—?) =77'°‘ (o]
y
or finally
o o o (29)
EG = 19

The symbol notations for the preceding equations are:

¢ = one-half the crack length at the onset of rapid
crack propagation

Young's modulus

the fracture stress normal to the crack at the
onset of rapid propagation

the yleld strength of the material under test
the width of the sheet tensile specimen

strain energy release rate

surface tension

[o]
woz<® gm
'BRERR
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